Journal 


f 


The Franklin Institute 


EDITOR, HOWARD McCLENAHAN, E.E., M.S., LL.D 
ASSISTANT EDITOR, ALFRED RIGLING 


Associate Editors: 
JOSEPH $, AMES, Px.D. ARTHUR L. DAY, Sc.D. RALPH MODJESKI, D.ENG. 
WILDER D. BANCROFT, Pu.D. A. S. EVE, F.R.S. R. B. MOORE, Sc.D. 
E. j. BERG, Sc.D. PAUL D. FOOTE, Pu.D. MAJ.-GEN. G. O. SQUIER, Pu.D. 
GEORGE K. BURGESS, D.Sc. W. J. HUMPHREYS, Px.D. W. F. G. SWANN, D.Sc. 
BRIG.-GEN. JOHN J. CARTY, LL.D. A. E. KENNELLY, Sc.D. D. W. TAYLOR, LL.D. 
E. G. COKER, F.R.S. HENRY LEFFMANN, M.D. A. F. ZAHM, Pux.D. 
ALLERTON $. CUSHMAN, Pu.D. C. E. K. MEES, D.Sc. JOHN ZELENY, Px.D. 


Committee on Publications: 
E. H. SANBORN, CHAIRMAN CHARLES E. BONINE 
JAMES BARNES GEORGE A. HOADLEY 
WILLIAM C. WETHERILL 


Vol. 201 JUNE, 1926 


CONTENTS 
Engineering and Transportation 
The Erection of the Suspended Structure of the Delaware River Bridge 
Cable Calculations for the Delaware River Bridge... . 
Construction of the Cables of the Delaware River Bridge 
Hydrogen Spectrum Lines in the Stars and in the Laboratory. ... 


Notes from the Nela Research Laboratory 

Notes from the U. S. Bureau of Chemistry 

The Franklin Institute Notes 

Book Reviews 

Publications Received... 

Current Topics | Rr ; 820 


THE FRANKLIN INSTITUTE OF THE STATE OF PENNSYLVANIA, PHILADELPHIA 
SIX DOLLARS PER YEAR (Forcign Postage Additional) SINGLE NUMBERS, SIXTY CENTS 
Copyright, 1926, by THe FRANKLIN INSTITUTE 
Entered at the Post Office at Philadelphia, Pa., as second-class matter 


Acceptance for mailing at special rate of postage provided for in section 1103, Act of 
October 3, 1917, authorized on July 3, 1919. 


FPO EG Gr FES ig EEE AE EER, LRAT ES 


sere 


JoURNAL OF THE FRANKLIN INSTITUTE—ADVERTISEMENTS. 


Build Your Conveyors With 
Genuine Link-Belt Chain! 


HE chains used on your conveyor should give long, dependable, 
trouble-free service. 

Link-Belt chains do—built in our own highly specialized plants, by ex- 
perienced chain makers, with every modern facility to secure perfection. 
And the sprockets on which they run—they should be made to fit 

the chain, because— 


The chain is the standard—and the sprockets must be made to 
operate correctly with it. 


Just two points to remember—but worth remembering. 


Standardize on Genuine Link-Belt Chains and Sprockets for reliable 
performance of your conveyor. Look for the trade > < mark 
on every link. 


Conveyor Chain Sprockets — Drive Elevator Casings Complete Stocks 
Elevator Chain Bearings Silent and Roller Chain Prompt Shipment 
Drive Chains Buckets Drives for efficient Everything for Elevating 
Sprockets— Conveyor Boots power transmission and Conveying 


LINK-BELT COMPANY 
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ENGINEERING AND TRANSPORTATION .* 


BY 
SAMUEL REA, D.Sc., LL.D. 


Retired President, Pennsylvania Railroad. 


First, let me thank you sincerely for the invitation to be here 
to-day. It is an unusual honor to be asked to deliver one of this 
series of lectures, and I assure you that I appreciate it keenly. 

The subject which has been assigned to me is “ Engineering 
and Transportation.”’ Engineering is one of the professions and 
transportation is an indispensable form of public service. They 
are, however, inseparably connected. It so happens that I have 
been personally identified with both ever since I was given my 
first opportunity, on the Pennsylvania Railroad, to start my career 
in engineering. This was fifty-five years ago, and much has hap- 
pened since then. 

My interest in professional work still continues because, 
although I have retired from the Presidency of the Pennsylvania 
Railroad Company, and from active service as an officer, I am still 
a member of the Board of Directors and of its various committees, 
and scarcely a day passes in which I am not consulted on some 
problem of engineering intimately connected with the interests of 
our railroad and the general progress of transportation. 

My subject for this lecture is of such vast scope that neither 
detailed nor technical treatment seems practicable in a paper of 

* Lecture delivered at Princeton, N. i March 23, 1926, in the Cyrus Fogg 
Brackett Course of Lectures. 


(Note.—The Franklin Institute is not responsible for the statements and opinions advanced 
y contributors to the JOURNAL.) 
Copyricut, 1926, by THe FRANKLIN INSTITUTE. 
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this character. To attempt to deal comprehensively with th¢ 
relations between engineering and transportation would involve 
substantially a complete history of the development of transpor 
tation from the earliest times. Hence, I can do little more than 
sketch a partial outline and in addition, at Doctor Greene’s sug 
gestion, discuss for purposes of illustration certain particula: 
engineering projects on the Pennsylvania Railroad in which | 
have participated directly, or have supervised, and to which I will 
refer later. 

The wheel and axle are a basic mechanical device which appears 
to have been known and used from the most remote antiquity 
The first wheel was doubtless the cross-section of a tree and the 
axle a pole made from a sapling. Their employment to convert 
the primitive sledge into a cart, and so facilitate movement ove: 
specially prepared surfaces—in other words crude roads or path 
ways—antedates the era of authentic history. The use of rails, 
as a specialized form of road surface, is also much older than 
most people suppose. For instance, there is good evidence that 
tramways with wooden rails, and operated by horse or man-power, 
were employed in. the mines and quarries of Europe as early as 
the sixteenth century. 

The use of mechanical power, however, to move vehicles over 
rails is a comparatively recent development. Steam railroads, 
both in this country and in Europe, are just completing their first 
century of existence. Nevertheless, that century, as we all know, 
has encompassed far more of progress and advancement for the 
human race, in a material way, than was achieved in all the pre 
ceding centuries of human experience. 


SCOPE OF ENGINEERING WORK. 


The profession of engineering, in its broadest scope, is th 
practical application of scientific progress in the utilization of 
natural resources, forces and laws on behalf of human advance 
ment. To the engineer, the discoveries of pure science are not an 
end but a means. Technical knowledge is only his ground-work. 
Ultimately he is concerned with its economic and social values 
and adaptability. 

Perhaps the best definition of civil engineering—the branch 
of the profession with which I have been identified—is that writ- 
ten more than one hundred years ago by Thomas Telford, first 
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President of the Institution of Civil Engineers, of Great Britain, 
in which I have been accorded the honor of membership since 
1891. Telford declared it to be, “the art of directing the great 
sources of power in nature for the use and convenience of man.”’ 
He further elaborated upon this definition by describing some of 
these uses, naming among them the means of production and 
traffic, the construction of roads, bridges, aqueducts, canals, docks, 
ports, harbors, moles, breakwaters and lighthouses, the use of 
artificial power in commerce, the construction and adaptation of 
machinery and the drainage of cities and towns. So broad a 
scope, of course, includes much of what we now term mechan- 
ical engineering. 

I think the statement may safely be made that there is no 
department, phase or activity of civilized life which has not been 
touched and immeasurably bettered by the work of the engineer- 
ing profession. I believe also the further statement may be made, 
with equal safety, that none of the contributions of engineering 
to the cause of human progress has been of greater importance 
than the development of transportation by steam railroads in the 
last hundred years. I do not make that statement because I have 
spent my own career almost entirely in railroad work. It reflects 
a wholly detached appraisal of the value of railroads, from obser- 
vation of their effect upon commerce and industry and the settle- 
ment and development of the country. 


SUPREMACY IN TRANSPORTATION. 


The United States has grown to be the richest nation that the 
world has ever known. Its individual citizens have risen to, and 
are proving their ability to maintain, standards of living which 
are beyond comparison with those ever enjoyed by the citizens of 
any Other country. This particularly applies to the great mass of 
wage-earners who have benefited relatively more than any other 
group of the population, and whose condition is immeasurably 
above that of persons similarly situated in any other nation of 
the world. 

In creating the national and individual wealth of our country 
three main factors have been at work. The first is our natural 
resources, which in abundance and variety are certainly unsur- 
passed. The second is our economic freedom, by which I mean 
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the complete liberty of each individual to make the most of hi 
talents and ability—a form of emancipation which has never be: 

so fully realized by any other people. The third is our unmatche:| 
systems of transportation. By this I mean primarily our stea 

railroads, which are, and will continue to be, our fundamenta 
means of transportation, and, secondarily, the highways with ou 
automobiles and other motor vehicles. 

When we consider that we have about two-fifths of all t! 
railroad plant in the world within our-boundaries and about fou 
fifths of all the world’s motor cars, that our per capita use of rail 
transportation is from seven to fifteen times that of the most 
developed countries of Europe, and that the entire population o' 
the United States could be loaded into our motor vehicles simu! 
taneously, we begin to gain some faint idea of the vast extent 
to which the American people have employed transportation 
and how greatly they have surpassed the rest of mankind 
this respect. 

It has been said that the function of transportation is to over 
come the economic handicaps of distance. Because we hav 
created in this country the most extensive systems of railroads 
and the lowest cost and most efficient transportation, we have bee: 
able to develop and utilize our natural resources and labor powe: 
to better advantage than any other country in the world. 

From the viewpoint of an iron or steel maker, the distance o! 
the Minnesota ore mines from Pittsburgh is not measured in miles 
but in the cost of getting a ton of ore from the mine to th 
mouth of the furnace. The efficiency of our railroad transpor 
tation has therefore enabled the iron and steel industries to avai! 
themselves of the great advantages which such centres as Pitts 
burgh present with respect to other materials, labor supply and 
the location of markets. It has made possible the economies 01 
centralized manufacturing as typified, for instance, in the auto 
mobile plants of Detroit. In short, efficient transportation by rail 
not only led to the original opening up and settlement of our coun 
try, from boundary to boundary, but has since furnished the basis 
upon which our present-day system of industrial mass production 
has been shaped. And upon mass production in industry the real 
commercial supremacy of America rests and must continue to 
be sustained. 
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RAIL PROGRESS FROM MECHANICAL SIDE. 


From the viewpoint of physical plant, the progress in trans- 
portation during our hundred years of American railroad develop- 
ment constitutes an outstanding tribute to the vision and genius 
of the engineering profession. In this honor, the various branches 
of engineering have had their respective shares. 

The mechanical advance may be visualized by a comparison 
between the oldest and the newest locomotives used on what is 
now the Pennsylvania Railroad System. The earliest of these 
engines, the ‘‘ John Bull,” now preserved in the Smithsonian Insti- 
tute at Washington, was first operated in 1831 on what was then 
the Camden and Amboy Railroad and is now a part of our Tren- 
ton Division. It weighed eleven tons and in practical use probably 
developed about the power of an ordinary automobile of the 
present day. The standard heavy duty freight locomotive now 
used on the Pennsylvania Railroad, our “ I-l-s type,” weighs 
nearly two hundred tons without the tender, and at its most 
efficient speed develops four thousand horse-power. Thus it is 
certainly conservative to say that in ninety-five years we have 
multiplied the effectiveness of our mechanical unit by at least 
one hundred. 

PART PLAYED BY CIVIL ENGINEERING. 

In the field of civil engineering, with which, as I stated a 
moment ago, my own career has been identified, the comparisons 
are somewhat more complicated. The earliest lines, including all 
of what are now the large eastern and southern systems, were 
projected as local enterprises to serve local needs. The Pennsyl- 
vania, for instance, was chartered to build a line from Harrisburg 
to Pittsburgh and in that manner, by utilizing the already existing 
Philadelphia and Columbia Railroad, link the head of navigation 
on the Ohio River with tidewater at Philadelphia. Its purpose 
was to protect the commercial interests of Philadelphia against the 
competition of New York, on the north, and Baltimore, on the 
south, for the growing trade then springing up with the new West. 

Some years elapsed after the granting of the charter and 
initial construction of the Pennsylvania Railroad before it began 
to take shape as a trunk line system, and the conception of render- 
ing a national and not merely local service arose. But about the 
time of the completion of its through line to Pittsburgh, the man- 
agement began to reach out toward Chicago and St. Louis, by 
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investments in lines then being promoted, many of which were 
subsequently leased and are part of the present system. However 
it was not until the era of the projection and construction of th 
Pacific roads, in the Civil War period and later, that America: 
railroad builders progressed to the deliberate planning anew 
trunk lines or trans-continental systems, as such. 

The first rail lines were for the most part projected and built 
as single track and, for the sake of cheapness in constructio: 
closely followed the natural contours of the country, thus permit- 
ting a minimum of cuts, fills, bridges, tunnels and other forms 
of expensive construction necessary when we depart from natura 
contours. Traffic grew very rapidly and in many cases ear! 
necessitated the building of second track. In most instances this 
was done with the greatest possible economy and speed and wit 
very little revision of line. 

The result was that later, when third and fourth, or even mor 
running tracks became necessary, and heavier loads required 
elimination of curves and lower gradients, extensive and in man) 
cases practically entire reconstruction of the line was required 
An illustration of this is to be found in the present Main Line 
of the Pennsylvania Railroad between Philadelphia and Harris 
burg. The distance is one hundred and three miles and out . 
that only a little more than twenty miles of our main track are 
upon the original location. 

Perhaps I can best picture the advancement which civil engi 
neering has contributed to American railroads by continuing with 
our own road as an example. The Pennsylvania Railroad was 
chartered March 31, 1846, only eighty years ago and not a very 
long time in human history. At that period, passengers and 
freight moved between Philadelphia and Pittsburgh over one « 
the most remarkable transportation systems the world has eve! 
seen. Its first link was a primitive rail line between Philadelphia 
and Columbia, Penna., operated, at the start, with horses as motive 
power. Next came a stretch of canal up the Susquehanna Rive: 
from Columbia, through Harrisburg, to the mouth of the Juniata: 
thence along the Juniata Valley to Hollidaysburg, at the eastern 
foot of the Alleghany Mountains. The third link was the Alle 
gheny Portage Railroad, built across the mountains to their west 
ern foot at Johnstown. It consisted of a series of eleven inclined 
planes connected with levels, upon which the canal boats, built in 
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sections and taken from the canal and mounted on wheeled trucks, 
were hauled up and lowered over the slopes of the Alleghanies. 
The inclined planes were worked with stationary engines and 
cables. Horses were at first used on the level stretches, and later 
steam locomotives. The fourth and last link was another stretch 
of canal from Johnstown to the head of navigation on the Ohio 
River at Pittsburgh. 

This combined system of canals, rail lines and inclined planes 
was known as the * Main Line of Public Works " and was owned 
by the State of Pennsylvania. It was operated by the State 
Government for about twenty years, beginning with 1834. Dur- 
ing that time it developed, in most aggravated form, all of the 
customary and inevitable evils of government ownership and 
management, from waste and wretched service to flagrant and 
widespread corruption and dishonesty on every hand. It finally 
passed from existence, leaving behind an indebtedness of 
$50,000,000, a stupendous sum for that day. 

The journey from Philadelphia to Pittsburgh took anywhere 
from three days to a week, and its discomforts and difficulties 
have been graphically described by Charles Dickens in one of the 
most memorable chapters of his “ American Notes.” To cap the 
disadvantages, the canal divisions were of course closed by ice 
several months of the year—a defect, by the way, necessarily 
inherent in canal or canalized river transportation anywhere in 
Canada or the United States, except the far South. A complete 
account of this transportation system may be found in a his- 
torical compilation entitled ‘* The State Works of Pennsylvania,” 
by A. L. Bishop, Ph.D., and published by Yale University Press. 

Parenthetically, let me take this occasion to express my opinion 
that, in our country at least, inland canals are as obsolete and 
inadequate to present-day needs as stage coaches or Conestoga 
wagons, and we might as well go back to the one as the other. 
Those who are advocating artificial waterways throughout the 
country seem to be doing so on the theory that the railroads are 
or will be congested and will require the canals for relief. This 
appears to involve the further assumption that the railroads are 
henceforth going to stand still and will not continue, as in the 
past, to meet the growth of traffic, and the needs of patrons, by 
increasing their trackage and other facilities, and through advan- 
tageous and economic consolidations. 
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Such theories and assumptions are wholly fallacious a: 
should certainly be completely discredited by any fair conside: 
tion of the history of railroad transportation in this country a1 
the place of leadership which it has always occupied in ou 
national progress. 

The truth is that the high development of the railroads, thei: 
powerful locomotives and big freight cars, carrying coal and 
other minerals from point of origin to point of consumpti 
regardless of climatic and other physical obstacles, together wit! 
the continuous fall in freight rates down to about 1900, mac 
impossible for the canals to maintain successfully any real com). 
tition. Costs of canal construction and operation, and the limit: 
scope of industries and communities which a canal can ser) 
without rehandling of the barge loads, still keep railroads as t! 
cheapest method of transportation. A study of statistics wi 
show that since about 1880, canal projects have been successive! 
abandoned in this country, or, in those cases where they have bee: 
continued, their operation has been conducted at a loss. 

Returning to the “ Main Line of Public Works’ of Penns) 
vania, as existing eighty years ago, and to the cumbersom 
inadequate and easily interrupted service then afforded betwee: 
Philadelphia and Pittsburgh, together with the total disconti: 
uance of service throughout the winter, I will ask you by wa 
of contrast to consider the present main line of the Pennsylvania 
Railroad between these two cities. Bear in mind that it has not 
less than four tracks of the heaviest rail all the way, and in ma 
places six to eight tracks, visualize the immense stream 
traffic which it carries day and night in heavy passenger and 
freight trains, and further compare their speed and dependability 
of movement, rarely interrupted even for an hour, with the pe: 
formance of the canal boats, and you will complete a brief, but | 
believe quite illuminating, survey of the progress which civil 
engineering has brought about in the advancement of rail 
transportation. 

WORK OF ELECTRICAL AND CHEMICAL ENGINEERS. 

Electrical engineers entered the railroad field at a somewhat 
later date than the civil and mechanical, but their work has bee 
extremely important. It is notably represented in highly deve! 
oped form to-day by our automatic block signals and our systems 
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of telephone and telegraphic train dispatching. Every railroad 
executive also realizes the value and possibilities of electric motive 
power. The fact that out of 260,000 miles of railroad in this 
country less than 2000 miles have thus far been electrified, does 
not reflect lack of progressive spirit nor infrequency of dense 
traffic conditions warranting electrification. It reflects rather the 
cramping influence of an inadequate return on property invest- 
ment during a number of years in the past. This, in turn, is a 
reflection of harsh policies of governmental regulation, now hap- 
pily being liberalized in response to the more constructive spirit 
of our day. 

Chemical engineering, too, has its place in railroad progress. 
| cannot attempt to elaborate upon it in detail, but will merely 
point out that it embraces, for example, the production of new 
alloys and the perfection of heat treatment for axles and other parts 
where unusual strength is needed—processes, incidentally, which 
will probably prove applicable in the further improvement of steel 
rails. From such problems as these, the province of the chemical 
engineer in railroad work ranges to the working out of improved 
paints and other protective surfaces for the preservation of cars, 
bridges, etc., from the effect of weather and corrosion; and with 
the movement toward universal adoption of steel equipment, this 
will certainly prove of increasing consequence. 

That all branches of the engineering profession will continue 
their contributions to railroad progress, and that these contribu- 
tions will be of even greater importance in the future than in the 
past, I have not the slightest doubt. The problems of the future, 
indeed those now already arismg, promise to be more interesting 
than ever before. 

The growth of our national needs for transportation seems 
to be unlimited and the situation is rendered more complicated, 
but also more worthy of our best efforts, by reason of the fact 
that henceforth railroad progress cannot be considered alone. 
It must be considered in connection with coordinating rail trans- 
portation with motor and air transport. These are subjects which 
[ should like to discuss at some length, but the limitations of time 
forbid. I can only state my views, which I have already indicated, 
that the real problem, as between railroads, motor cars and 
airships, is one of cooperation rather than competition. Each, | 
think, will have its own field in which it will be distinctly superior ; 
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further, by proper coordination of these various agencies of trans 
portation much additional traffic will be created, and in that way 
alone can each render its greatest service to the public. 


TUNNEL PROJECTS RESULT OF LONG STUDY. 


When I accepted the invitation to come here, Doctor Green 
doubtless realizing the unlimited scope of the subject which ha: 
been assigned to me, and the impossibility of a complete survey. 
suggested that the treatment of some concrete examples of engi 
neering works would be of interest. He indicated for this purpos: 
the construction of the Pennsylvania Tunnel and Terminal prope: 
ties in the vicinity of New York City, which, together with th: 
Hell Gate Bridge and New York Connecting Railroad, reall) 
constitute a single project of engineering. I am happy to accept 
this suggestion, particularly as I was continuously associated with 
the planning and consummation of these works from the first 
serious studies of the development of underground railroad con 
struction in London, which I made in 1887 and 1892, to the com 
pletion and opening of the Hell Gate Bridge in 1917. 

First, let me disabuse your minds of the popular error that 
the determination to tunnel New York City and the two great 
rivers which bound it was a sudden inspiration or off-hand 
decision of the late Alexander J. Cassatt, who filled the Presi 
dency of the Pennsylvania Railroad Company with such conspi 
uous ability from 1899 to 1906. I doubt whether any importan' 
executive ever lived who was less given to snap judgments 
or spectacular actions than Mr. Cassatt. He never entered upo1 
a weighty undertaking in his entire career without complete mas 
tery of the facts, and of all the important projects with which 
he was identified, none received more painstaking care, investi 
gation, thought and study than were expended, over so many 
years, upon the problems incidental to the extension of our rail 
road system into and through New York City. 

Let me say, however, that Mr. Cassatt was perfectly capabl 
of reaching important conclusions quickly and brilliantly, and 
did so daily. Otherwise, he would-not have proved the remark 
able executive we know him to have been. But such decisions 
were always founded on certain knowledge and long experienc: 
and reflected the operations of a splendid memory, a cultivated 
mind and a faculty, which amounted to genius, of combining 
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similar experiences and concentrating their lessons immediately 
upon the subject before him. He never guessed and he never 
ventured blindly into the unknown. 


NECESSITY FOR PLAN EARLY REALIZED. 


As a matter of fact, realization of the desirability, or indeed 
ultimate necessity, of obtaining a direct entrance for the Pennsyl- 
vania Railroad into New York City antedated Mr. Cassatt’s time 
as President. It must have been obvious to our directors as early 
as the consummation, in 1871, of the lease of the United Railroads 
of New Jersey, by which the Pennsylvania Railroad lines were 
brought to tidewater at New York Harbor on the Jersey City 
side. As long as we remained on the west bank of the Hudson 
River we were at an unquestionable disadvantage with our chiet 
rival, the New York Central, which entered the city from the 
north, via Albany, and hence had never been faced with the 
difficulties of construction which confronted us. That we were 
able for years to maintain a competitive footing against these 
undeniable odds is a fine tribute to the enterprise and ability of 
the Pennsylvania management of that day. 

In 1874, the earliest actual attempt at tunnelling the Hudson 
River was started by DeWitt C. Haskins. It was stopped by 
injunction and not resumed until 1879. In 1880, a blow-out 
occurred in the New Jersey shaft, resulting in the loss of twenty 
lives, which stopped all talk of a North River tunnel for many 
years. This fact, I presume, has passed from the memory of 
most people of to-day. 

When these events occurred, the late Thomas A. Scott was 
President of the Pennsylvania Railroad and George B. Roberts, 
Vice-president, both being predecessors of Mr. Cassatt as chief 
executive. The management, we know, had been approached 
and exhibited interest in the tunnel scheme, but our officers did 
not approve the use of steam locomotives in sub-aqueous tunnels 
and electric traction had not been developed. 

In 1884, when I was Assistant to Vice-president J. N. 
DuBarry, Mr. Gustav Lindenthal, Civil Engineer, of Pittsburgh, 
prepared a plan for extending the Pennsylvania Railroad into 
New York by a high level bridge over the Hudson River. This 
also interested Mr. Roberts, as well as other of our officers, 
including Mr. Cassatt, as a Director of the Pennsylvania. Defi- 
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nite plans for such a bridge were actually worked out under - 
Federal charter, which was granted to the North River Bride: 
Company in 1890; but the project was not realized, due to the fact 
that we could not obtain the codperation of the other railroads 
and it was impracticable for the Pennsylvania Railroad alone t 

bear the burden. 

In 1892, I made a study of the London Underground Tube: 
as then building and proposed, and upon my return presented 
report to President Roberts, which dealt especially with a project 
for extending a rapid transit tube railway from Jersey City 
the Long Island Railroad in Brooklyn. This was promoted | 
the late Austin Corbin, President of the Long Island, and officers 
of the Pennsylvania Railroad, while Charles M. Jacobs, 
London, and myself, were the engineers. The panic of 1893 and 
the ensuing six years of business depression stopped this wor! 
and indeed active consideration of all extension plans. Part 
this route was, however, later covered by the Hudson and Mat 
hattan Railroad, in coOperation with the Pennsylvania. Th« 
bridge project, plans for which had been approved by t 
Secretary of War, was then resumed, but with the result, 
rather lack of result, which I have just stated. In 1900, th 
Pennsylvania Railroad had bought a controlling interest in 
Long Island Railroad with the ultimate object of constructing 
a railroad through New York City to connect with the N¢ 
England railroads. 

In the summer of 1901, Mr. Cassatt, who in the meantim 
had become President of the Pennsylvania Railroad, was 
Europe. I cabled to him suggesting that he inspect the Extensior 
of the Orleans Railway in Paris, then nearing completion. [t was 
my thought that the advance in electric traction, which this stean 
railroad extension exemplified, might make a tunnel under th« 
Hudson River possible. Mr. Cassatt was favorably impressed 
with the Extension and the possibilities of electric operation, and 
upon his return set actively to work upon our own New York 
tunnel and terminal project which from that time was pushed 
steadily to conclusion. 

Unfortunately, and to the great regret of all of us, M1 
Cassatt did not live to see the work more than half done. His 
name, however, is inseparably linked with the planning 
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execution of these great enterprises which constitute a noble 
memorial to his vision, capacity and unsurpassed talent as a rail- 
road builder and executive. 


LEGISLATION AND ORGANIZATION REQUIRED. 

For such a great undertaking, involving so large an expendi- 
ture of capital and requiring five or more years for accomplish- 
ment, it was necessary, as preliminary steps, to create a special 
engineering organization as well as insure that the enterprise 
should in all respects be properly, legally and permanently founded. 

We found that the existing laws permitted only a limited 
franchise and contemplated railroads beginning and ending on 
the surface, and in places of human habitation. An extension of 
the character which we contemplated, however, could not pru- 
dently and properly be entered upon without a perpetual right to 
build and operate, though the annual franchise payments might 
be subject to revision at fixed periods. Moreover, the project, 
as far as the New Jersey franchise was concerned, involved a 
termination about eighty feet below high water in the middle of 
the Hudson River on the New York-New Jersey State line, at 
which point, by a tunnel, it would connect with a similar railroad 
built and owned by a New York corporation. 

Therefore, it was necessary to secure amendments to the law. 
It is a pleasure to say that the legislators and others, appreciating 
the importance and public value of the work, facilitated revision 
to the fullest extent. Nevertheless, the action of two legislatures 
was required before we could accept the law and go forward 
with the acquisition of property and other work preparatory 
to construction. 

The form of organization which we decided upon for con- 
ducting the work of construction, and for professional advice and 
supervision, was a Board of Engineers, composed of the several 
Chief Engineers and others not directly connected with the con- 
struction. The function of the Board was to examine and approve 
all plans in detail, and recommend specifically to the management. 

While President Cassatt, as chief executive of the company, 
was of course primarily responsible to the Directors and stock- 
holders for the successful carrying out of the project, the Board 
delegated to myself, as Vice-president, subject to Mr. Cassatt’s 
oversight, the active direction and personal supervision of the 
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organization and construction work, including the acquisition 0: 
property required. Although both Mr. Cassatt and myself we: 
civil engineers, it was decided that it would be undesirable fo: 
either of us to be members of the Board of Engineers, becaus: 
on us devolved the final decision for the management. Accor 
ingly, the latter as finally organized consisted of the follow 
ing gentlemen : 

William H. Brown, Chief Engineer of the Pennsylvani 
Railroad, who was given charge of construction fro 
connections with the New York Division at Manhatta: 
Transfer, near Newark, to the west end of the Berge: 
Hill tunnels ; 

Charles M. Jacobs, who was appointed Chief Engineer | 
the Bergen Hill and North River tunnels; 

Alfred Noble, who was designated Chief Engineer for tl: 
tunnels under the Boroughs of Manhattan and Queens 
the excavation of Pennsylvania Station site and Sunnysic 
Yard, Long Island; 

George Gibbs, designated Electrical Engineer and placed i: 
charge of Pennsylvania Station construction ; 

Gustav Lindenthal, Consulting Engineer ; 

Colonel Charles W. Raymond, U. S. A. (later retired 
Brigadier-General), Chairman of the Board. 

Messrs. McKim, Mead and White were the architects 

the station. 
DUTIES AND PROBLEMS OF THE BOARD. 


The first duty of the Board was to prepare the plans, whic! 
required much work and time. One of the problems had to « 
with the probable behavior of sub-aqueous railroad tunnels co1 

structed through material such as that forming the bed of th 
Hudson River. Test borings showed rock at both sides of th: 
river, but at its centre a silt of varying character and consistency 
and 180 feet in depth. It contained considerable water and was 
capable, at times, of flowing under pressure. As the proposed 
tunnels would weigh less than the material which they displaced, 
it was feared by some engineers that they would have a tendency 
to float or rise upward during and after construction. However 
experiments which led to the determination of elaborate formule 
based upon the size and weight of the tunnels and their “ angl 
of repose,” disposed of this fear and actual experience showed 
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that the tendency of the tunnels, both under construction and 
afterwards, was, generally speaking, to subside or settle rather 
than to float upward, particularly during disturbance of the 
surrounding silt. 

Other engineers believed there was a drift, or tendency of the 
silt to move southward with the flow of the river and that this 
drift might shift any tunnels built through it unless they were 
anchored in some extremely secure manner. Tests and obser- 
vation disposed of this fear also. 

Another question, and one which proved more difficult of 
determination, arose in the early stages of the project. It was 
whether, in view of the tendency of the tunnels to settle rather 
than rise, they should be supported through the silt by screw piles 
wr otherwise. The prevailing opinion of the Board at first was 
that supports of this kind should be used and the preliminary 
plans provided for them. It must be remembered that our tunnels 
were the first built for heavy railroad traffic through the Hudson 
River bed or any other similar silt, and we were, therefore, going 
into an unknown field of engineering work. 

While the majority of the Board at first favored using such 
supports, they were able to give the management no indication of 
the measure of insurance that would be gained by the introduction 
\f this expensive and largely experimental feature. Nevertheless, 
we made provision in the design of the iron tubes for the intro- 
duction of such supports every fifteen feet and circular plugs 
were left at the bottom of the lining at these intervals, so that in 
case we should determine to put in the supports the work could 
he carried out. 

As the work progressed, we made a series of experiments 
with screw piles and plain cylinders by sinking them from the 
interior of the tunnel down through the silt. This caused a great 
deal of disturbance of the silt, and more or less settlement 
usually followed. 

Opinion in the Board continued to grow more divided as the 
work proceeded. Finally the time arrived when a decision had 
to be made as to whether we would or would not use the supports. 
Meanwhile, experiment and observation revealed the fact that 
there was a slight daily vertical movement of the tunnel tubes in 
the silt, corresponding to the rise and fall in the tide, and for 
that reason called the “ tidal oscillation.”’ It averaged, and still 
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averages, about one-eighth of an inch and therefore, in the even: 
supports were to be placed under the tunnels, the question imnx 

diately arose as to whether the tubes should be fastened to then 
or whether some sort of sliding device would have to be adopte 
which would permit of this “ tidal oscillation” without inju 

either to the shell or the support. 

As we were unable to obtain a definite recommendation fron 
the Board of Engineers, owing to the division of opinion whic! 
prevailed, and as the work had to be completed, it was necessary) 
for someone to take the responsibility for making the decisio: 
so that the project could be carried out. This responsibilit 
devolved upon myself. 

After the most careful consideration, I became satisfied that 
the supports were unnecessary, and that they even might lead 1 
positive injury to the tunnels. I therefore decided that we woul 
complete the tunnels without any additional support, and procee:! 
with the reinforced concrete lining throughout; and the work was 
carried out in that manner. The openings for the supports wer: 
sealed but still remain there in case the future should develo, 
necessity for their use. 


NO IMPORTANT TUNNEL MOVEMENTS OBSERVED. 


Up to the present time, after fifteen years of use, nothing indi 
cates that such necessity is ever likely to arise. We carry o1 
constant observations of the very slight movements which tak 
place in the tunnels. Besides the daily oscillation of about on 
eighth of an inch, the following changes have occurred in thx 
fifteen years since the tunnels were opened: In the first year afte 
construction, but before operation started, there was an averag 
subsidence of about four inches on the New Jersey side, ei 
inches on the New York side and five inches under the centre 0! 
the channel. Following that, under conditions of actual operatior 
a further subsidence took place, averaging 11% inches on th 
New Jersey side, 23g inches on the New York side, and 5¢ of a1 
inch under the channel. More recently channel dredging i: 
various places, to accommodate the very deep draft ships nov 
using the river, has caused a slight rise in portions of the tunnels 
running from 3 of an inch to one inch. None of these varia 
tions, however, affected the stability of the tunnels. 

I may add that the sealing and lining of the tunnels, by means 
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of reinforced concrete, have been so effective that the daily seepage 
is only about 400 gallons in two miles of length. This, in connec- 
tion with the extremely small movements which have taken place 
in so large a piece of construction, appears remarkably satisfactory 
from the engineering point of view, particularly in view of the 
fact to which I have already referred, that the construction of 
such tunnels for heavy rail traffic. through such material 
as the Hudson River silt, presented entirely new problems to 
our profession. 

The building of the tunnels was carried out by the shield 
method of progression, with which you are doubtless generally 
familiar. ‘The tunnels were pushed forward from both sides of 
the river until they met, with remarkable accuracy, in the centre. 
The tubes themselves consist of cast-iron cylinders, 23 feet in 
external diameter and composed of segments 1% to 2 inches 
thick bolted together by means of heavy flanges. The iron tunnel 
cylinders alone are amply sufficient to carry the traffic and resist 
the pressure, but, as a further precaution, we deemed it wise to 
add the reinforced concrete lining. 

PENNSYLVANIA STATION AND ITS PROBLEMS. 

I can refer only briefly to the Pennsylvania Station itself 
You may be interested in the fact that it covers more territory 
than any other building ever constructed at one time in the 
history of the world. The Vatican, the Tuileries and the Winter 
Palace at Petrograd are larger buildings, but were centuries in 
construction. The Pennsylvania Station is unique in the fact 
that, covering eight acres of ground, with exterior walls approxi- 
mately a half-mile in length all told, it was erected in less than 
SIX years’ time. 

Twenty-five years ago the intersection of 6th Avenue and 
Broadway at 33rd Street looked inviting as the site for our 
station. It compared with Charing Cross in London and other 
central city stations. Study and reflection, however, upon the 
development which would follow the extension of the Penn- 
sylvania into and through New York, plus the natural growth of 
traffic in the city, led us to the belief that the choice of that 
location would be a mistake and surely lead to undesirable conges- 
tion. We therefore decided to drop back a block to 7th Avenue 
ind provide access from all sides of the station with connec- 
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tions through to 34th Street. This was done and time has ful 
justified our choice. Now, forty million passengers are usin, 
the station every year. 

We at first contemplated and fully intended utilizing the ai: 
rights of the station, and a large hotel and office building we: 
designed as overhead structures. When we considered, howeve 
that our main object was to build a railroad station which ha 
to be located over tracks and platforms forty feet below t! 
street level, we felt that the real use would be so subordinated, a: 
the available space at platform level so contracted, as to redu 
materially its capacity and facilities. We therefore discarde 
these plans and designed and built a railroad station with suc! 
office space as could properly be adapted without minimizing it 
use as a station, while at the same time also utilizing the surround 
ing areas to the best advantage. 

An important section of the surrounding area, as you all kno 
we utilized in building the Hotel Pennsylvania and leasing it 
the Statler Hotel organization. The hotel is erected partly ove: 
our tunnels which run from the station, under 32nd and 331 
Streets, across New York City to Long Island. Other properti: 
likewise acquired in the neighborhood of the station will als 
gradually be developed. 


HELL GATE BRIDGE AND CONNECTING RAILROAD. 


Our entire system of New York improvements was carri¢ 
to its logical completion by the building of the Hell Gate Bridg 
and the New York Connecting Railroad. This project, in co1 
junction with the Hudson River and East River tubes and th 
tunnels under New York City, links the Pennsylvania Railroa: 
directly with the New Haven System and thereby provides Nev 
England with a direct all-rail passenger outlet, via the Pennsy! 
vania Station, to the Middle States, the West and the South 
Freight is exchanged between the two systems, via the New 
York Connecting Railroad, the Hell Gate Bridge and the Bay 
Ridge terminals of the Long Island Railroad, thence across uppe 
New York Bay, by carfloats, to the tracks of the Pennsylvani 
Railroad System at Greenville Yards, N. J. 


The Hell Gate Bridge, an extraordinary structure and one 


of the most majestic and imposing ever erected, spans the Fast 
River with a thousand-foot steel arch, the largest in the world 
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carrying four railroad tracks to meet the highest requirements of 
traffic. Its beauty, its striking appearance, and its utility are a 
tribute to the genius of its Chief Engineer and Architect, Gustav 
Lindenthal, who designed and carried out its construction. A 
complete history, with all details, of this important structure can 
be found among the proceedings of the American Society of 
Civil Engineers. 

From the local viewpoint, it was of course most important 
that our entire tunnel and terminal project in New York City 
should be closely correlated with city transportation facilities and 
particularly with the subways. It was our expectation that the 
7th Avenue subway would be completed at the time the station 
was opened. Though we were disappointed in this and it was not 
ready for traffic for some years later, all required facilities have 
since been completed, and through an underground passageway, 
it is possible to go from our station to any point reached by the 
connecting New York subway lines without going above ground. 
In like manner similar connection will be effected with the new 
Sth Avenue four-track subway. 

I fear that | have now taken up as much of your time as I 
can rightly claim and while I have touched only a few of the 
higher lights, will not detain you longer. I thank you again for 
the honor of your invitation, for the pleasure and privilege of 
being here, and for your courteous attention. 


Uses and Handling of Liquid Chlorine.—This element in liquid 
form has become a commercial product of great importance and of 
varied use. It is employed for bleaching and of late years rather 
extensively for purification of water. The latter use has given rise 
to much complaint, though in many cases the taste of the water is 
not due to the free element. The use as a war-gas was inaugurated 
hy the Germans in April, 1915, at Ypres, at a point in the Allied line, 
which was held by French and British troops, the latter largely 
Canadians. Though the Allied intelligence service was advised about 
two weeks previously that the Germans were establishing apparatus 
for gas attack, this was not believed and the attack when made was 
most disastrous. Very soon, however, gas masks were supplied and 
chlorine as such is not now available for war purposes, but largely 
used in the preparation of asphyxiating and irritating substances. 
The extensive use of liquid chlorine for bleaching and water purify- 
ing has rendered necessary strict regulations for its transportation, a 
matter which has received the careful attention of the Interstate 
Commerce Commission. 
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At the forty-ninth meeting of the American Electrochem 
Society (Chicago, April 22-24, 1926) two papers relating to the us 
and transportation of chlorine were read. The relations of the el 
ment as a war-gas were presented by Major-General Fries, Chie 
of the Chemical War Service, and the transportation of the liquefie 
substance was described by Messrs. Wells, Marey and Rowland 
experts connected with establishments making the material. Chlori 
is transported largely in steel cylinders, but tank cars holding slight! 
less than 12,000 litres (421 cu. ft.) are also used. The precautio: 
of shipment and the construction of valves and other accessories a1 
described in detail. Major-General Fries gives an account of son 
of the important war-gases now recognized as efficient, and states 
that this method of warfare is less inhuman than the older method 


Many gassed persons recover completely under proper treatment. 
. L. 


Dr. Mann Juvenile Lecture. (Jour. Roy. Soc. Arts, Jan. 15 
1926. )—After the account of a lecture on “ France in North Africa 
and preceding the text of a Cantor lecture on “ Coal Ash and Clea: 
Coal,” there is printed a report of this juvenile lecture on “ Alice i 
Wonderland at the Breakfast Table,” presented by no other tha: 
Henry E. Armstrong, F.R.S. Alice came in through a looking-glas- 
and, finding the Duchess, the March Hare, the Mad Hatter and Bre: 
Rabbit at the morning meal, “ proceeded to discuss in Wonderlan 
fashion such common objects of the breakfast table as sugar, an 
sausages, as well as cabbages, beetroots, and in general such ques 
tions as 

“ Why the sea is boiling hot 
And whether pigs have wings.” 
They did, in fact, carry out on the stage an experimental enquiry 
to why ice cream freezes at 32° F. and at o° C. 

Professor Armstrong, in a doctor’s gown and a couple of hoods 
presided over the company in the character of an academic Fathe: 
Christmas—a part which he explained had been offered to Sir Olive: 
Lodge and declined by him with contumely. 

For some reason the British pay more attention to presenting 
scientific matters to young people in lecture form than do we 1 
the United States. The Christmas lectures to children at the Roya! 
Institution and similar lectures given in connection with the meetings 
of the British Association for the Advancement of Science are fin 
specimens of this type of elementary exposition. C. Vernon Boys o1 
“Soap Bubbles” and John Perry on “Spinning Tops”’ are illus 
trations of such lectures at their best. When Sir William Bragg, at 
the time of his presence at The Franklin Institute Centenary, hel 
two thousand boys in the Northeast High School of Philadelphi 
interested in his presentation of some problems on the frontier o! 
crystallography, he provided an example well worthy of imitation b 
other eminent men of science. G.-F. 5 


THE ERECTION OF THE SUSPENDED STRUCTURE 
OF THE DELAWARE RIVER BRIDGE.* 


BY 
R. G. CONE, B.S., Assoc. Mem. Am. Soc. C.E. 


Resident Engineer, Central Section, Delaware River Bridge Joint Commissior 


THE suspended structure of the Delaware River Bridge is that 
part supported by the main cables. It consists of a main span 


of 1750 feet and two side spans of 716 feet 8 inches. There 
are two stiffening trusses, hinged at the towers, into which the 
floor system is framed. The trusses are of the through Warren 
type with verticals. They are 28 feet deep with panel lengths of 
20 feet 6 inches in the main span and 20 feet 8 inches in the side 
spans. <A section of the structure is shown in Fig. 1. The 
vehicular roadway will be paved with a 2!4-inch asphalt wearing 
surface supported by a 6-inch reinforced concrete slab. At this 
time the steel work of the trusses and the roadway slab have 
been completed. 

The steel for the suspended structure was furnished and 
erected by the American Bridge Company and the roadway slab 
was laid by F. J. Boas. The first piece of steel was erected on 
March 3, 1925, and the last section of slab was poured on Decem- 
her 8th of the same year. In the nine months that elapsed 
hetween these dates, 18,500 tons of steel were erected and 2183 
lineal feet of roadway slab were poured. 

The erection was divided into’ two distinct phases: Hanging 
the steel on the cables and adjusting the members for riveting. 
The distribution of labor between these two phases was about 
16,000-man days to the first phase and 20,000-man days to 
the second. 

The slab construction was essentially part of the second 
phase, since it was written into the contracts that the slab 
program should be laid out primarily to assist in the adjustment 
and riveting of the structure. The zeal of the steel contractor 
to erect record tonnage increased the cost of the second phase, 
since the possibility of regulating the erection to assist in the 

? Presented at a joint meeting of The Franklin Institute and the Philadelphia 
Section, American Society of Civil Engineers, held Thursday, March 4, 1926. 
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adjustment and riveting was neglected. <A suitable regulation 
of erection would have obviated the use of such surcharges as 
were necessary when this opportunity had been neglected. 
ERECTION. 
The erection scheme was fundamentally the same as used on 
other suspension bridges, and was based on the fact that a hanging 


rope is an ideal support for uniform loads. Following this prin- 
ciple, the dead load of the structure is applied in successive 


small increments and the erection of any increment is completed 
before another is begun. Large concentrations should be avoided 
and it follows that the erection equipment should be as light as 
possible. Heavy travellers are emphatically out of place, since 
the distortion of the unstiffened cable under such concentrations 
is sufficient to prevent the connection of members that’ must be 
connected before the erection can proceed. Such equipment may 
also cause permanent damage to the cables by slipping the differ- 
ent strands through the tower saddles and by shifting the 
cable bands. 

For these reasons, the steel was erected in successive trips 
or passes of the travellers, adding at each pass increments of the 
dead load. The first pass contained only the necessary material 
to support the travellers and was the heaviest pass. The weight 
of this pass was about 7000 pounds per lineal foot of bridge, 
which was one and one-half times the weight of the cables and 
their appurtenances. 

Under the cables alone the towers were deflected 15 inches 
shoreward and in order to decrease this unbalanced pull the 
first steel was erected in the main span. It was placed with 106- 
foot booms attached to the main towers and consisted of three 
panels of first pass steel. This material formed the platforms on 
which the travellers were assembled. After the main-span 
travellers were assembled, they erected several panels of steel 
before operations were begun in the side spans. 

The erection equipment consisted of four travellers, two 
in the main span and one in each side span. They were iden- 
tical except for the hoisting engines with which they were 
equipped. They were of the conventional double-boom type, the 
booms being 70 feet long and of 45 tons’ capacity. The travellers 
moved on two lines of railway track laid with 85-pound rail. The 
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tracks were spaced 42-foot centres and each was carried by th: 
lines of roadway stringers. The travellers were 42 feet 
inches long, centre to centre of trucks. This distance was sligh 
longer than two panels of bridge, so that the traveller reaction: 
were at no time on two adjacent panels. Each boom of th 
travellers was operated by an electric hoist of from 55 to 10 
h.p. on 500-yolt d.c. All engines were of the two-drum ty; 
and the booms were swung with hemp lines from “ niggerheads 
The travellers weighed about 135 tons. 

The economy of two-drum engines is doubtful on erecti 
of this type where a large part of the tonnage consists of light 
pieces. With the two-drum type of engine only one load line 
available and it must be reaved in as many parts as are necessar\ 
to lift the heaviest piece. Being of so many parts, the falls moves 
very slowly. A fast running falls for raising light loads could 
be provided when three-drum engines are used. The use of such 
a falls would have saved much time, especially in erecting th: 
first pass material where almost half the tonnage was composed \ 
pieces weighing less than 4 tons. However, this saving might 
be offset by the large investment necessary should the three-drum 
engines have to be purchased when the two-drum types wer 
already on hand. The power for operating the travellers was 
furnished by synchronized motor generator sets located in th: 
power plants near each anchorage. 

Material was delivered to the site in cars on carfloats except 
that shipped from the yard on trucks for that part of the structure 
over Delaware Avenue in Philadelphia. In general, the stee! 
one first pass move was carried on one carfloat. After the first 
few moves, this amount of steel was erected in one day, th 
traveller moved forward, and made ready to erect the next carfloat 
load the following morning. For succeeding passes steel enough 
for several days’ work was carried on the float at one time. As 
the erection proceeded, the float was moved to a point under the 
traveller and moored in that position. A tug-boat remained i 
attendance throughout the day to move and turn the craft whe: 
convenient for the erectors. 

As the travellers moved out from the towers with the first 
pass erection in the main span, the bottom chord assumed a curve 
concave upward instead of convex, which is the finished shape 
of the chord. Because of this distortion it was impossible to 
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bolt any of the bottom chord splices during the erection of this 
pass. In fact, it was often difficult to connect the stringers 
necessary to support the travellers as they moved ahead. This 
difficulty was due to the heavy concentration of the traveller at 
the point and in some cases it was necessary to move the traveller 
back before the stringers could be bolted and the erection proceed. 
After the travellers had passed the quarter points of the main 
span, the bottom chord became convex downward and further 
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First pass erection showing reverse curve in bottom chord. 


erection altered the curve in the direction of the dead-load para- 
hola. However, at no time during the first pass erection did 
the bottom chord lie in a smooth curve, but showed the profile 
of the structure as a series of stiff sections two panels long. This 
is Clearly shown in the deflection curve taken at the time of closure. 

In detail, the method of erecting the first pass steel was first 
to attach the verticals to the suspenders; then the bottom chords 
to the verticals ; and then fill in the first pass floor material. The 
verticals were connected to the suspenders by slipping the sus- 
pender sockets under the shelf angles on the member and holding 
the sockets in place with the slotted shims as shown in the 
figure. The shims were secured by bolts extending through the 
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shelf angles and the shim packs. The pack of shims varied 
from 2% to 5 inches to make up the inaccuracies in fabrication 
of the trusses and in cutting the suspenders. It may be said in 
this connection that the calculation of suspender length and the 
attendant operation of cutting was accomplished with great suc- 
cess. The determination of length involved not only extensive 
calculation, but also sound judgment in the interpretation of 
laboratory tests in a pioneer field. The modulus of the rope 
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Erecting floor beam, bottom chord in position. 

varied because part of it had been used in the foot-bridges and 
some of the inelastic stretch had been removed and the determina- 
tion of these moduli required careful tests and sound interpreta- 
tion of the results. The results obtained in the finished structure 
could not have been better had the dead-load conditions been simu- 
lated for measurement and cutting. The field operation of meas- 
uring and cutting was accomplished with such precision that the 
596 ropes are correct in length and no readjustment of shims 
was necessary after erection. 

The procedure of first pass erection was varied in the centre 
of the main span and the top chord and diagonals were added to 
the other material since it was found impractical to erect the top 
chord after the other material had been placed on account of the 
insufficient clearance between the top chord and the cable. 
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The closure was made at mid-span on May 7. 1925. At thi 
time the main-span erection had so far outdistanced that of the sid 
spans that the towers were deflected toward the river and the ce: 
tre of the span was about 2 feet below its full dead-load positio: 
This caused the two halves of the main span to drift together and 
made the opening for the top chord closure 5 inches short. T) 
two halves had to be pulled apart before the closing chord wou! 
enter. This was accomplished by pulling with ratchets at t! 

FiG. 5. 


Suspender connection to verticals. 


towers and by jacking at the point of closure. The operat: 
was performed without difficulty and both trusses were closed 01 
the same day. 

During the return trip of the travellers to the towers, 
second pass was erected. It consisted of the diagonals and wa 
completed in two days. Starting out again toward the centr 
the main-span travellers began the erection of the top chord 
the third pass. In the meantime, the side-span travellers mov 
back from the centres of the side spans where they had been erect 
ing first pass steel and started erecting top chords, diagonals a1 
whatever other material was on hand. This was done becaus 
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further first pass material had not been delivered and weight was 
needed in the side spans to balance the main-span erection. 

The erection of the top chords was the most laborious par: 
of the first phase. It involved the disconnection and reconnection 
of 298 suspenders or every other suspender group on the bridg 
The top chord was shipped in two-panel lengths, the splice falling 
at the panel point. The suspenders at the middle point of th: 
chord section had to be disconnected before the chord section coul’ 
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Conditions at first pass closure. 


be placed and then passed through a hole in the cover plate and 
reconnected after the chord was in position. ‘The suspenders 
were handled with a hydraulic pulling jack device. It consisted 
of four 15-ton jacks fastened to pins through the gusset plates 
on the bottom chord. .A special casting gripped the bottom ridg: 
of the socket and was connected to the jack with a short length 0! 
wire rope. When the suspenders were to be released, the pressur 
was applied to the jacks which pulled the sockets down by stretch 
ing the suspenders and cleared the shims. This enabled the me 
to remove the shims and pull the suspenders clear of the shel! 
angles when the jacks were released. The reverse process was 


used for reconnection. 
sy erecting the top chord outward from the towers, two clos 
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ires were necessary, since part of the chord had been erected 
during the first pass. Due to the local 


deflection under the 
Fic. 8. 


Closing chord in place 


travellers when standing at the closure points, the opening was 
FIG. 9 


Jacl 


op « hord to obtain clearance 


too small for entering the closing section. 


The chord sections 
were then lashed to the cable directly above the opening and the 
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travellers moved back to the towers. With the travellers removed 
from the vicinity, the local deflection vanished and the closing 
chords were lowered into position. 

The remaining passes in the main span erected the outside 
track sidewalks, and floor material as received. During these 
passes the diagonals were connected whenever drift pins could 
be driven in the holes of the connection. In general, this was 
accomplished with the traveller standing in the vicinity, since its 


Fic. 11. 


4 grea 


Erecting top chords, showing two closures in main span. 

weight was necessary to bring that portion of the span down to 
its approximate dead-load position. The side-span travellers in 
the meantime were moving toward the anchorages and completing 
the erection of the side-span trusses. The diagonals in the side 
spans were connected by the same method as those in the main 
span. After the diagonals had been connected, the trusses acted 
is stiffening trusses for the first time. 


ADJUSTING AND RIVETING. 


The second phase of the work was to bring the adjacent mem- 
bers of the trusses to their proper position with relation to one 
another and rivet them while in this position. Since this operation 
is peculiar to suspension bridges alone, a review of the attendant 
conditions and the premises of design is desirable. The trusses 
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in a suspension bridge carry no stress under full dead load 
normal temperature. This premise of design fixes the shape 
the trusses for fabrication. Accordingly, the main-span truss: 
were built with their neutral axis forming a parabola with 
15-foot rise. The side-span trusses were laid out with their ax: 
as straight lines on a 3% per cent. grade. Before driving a: 
field rivets in the truss connections, it was necessary that tl 
members to be riveted be in the same relative position as the 
had been when the trusses were assembled in the shop durin; 
reaming. In this position, the milled ends of the chord sections 
were in bearing and the holes in the other connections were fai: 
From these conditions it follows that in order to rivet th 
diagonals, the trusses must be in their “no stress’ positio: 
while chord splice riveting demanded that the chord be in con 
pression so that the milled ends of the sections be in bearing 
In order to establish the “no stress’’ position of the trusses 
the effect of whatever dead load that was not in place must } 
simulated. To bring the top chords in compression, the effect 
of live load must be attained in addition. About 6000 pounds pe: 
lineal foot of bridge, or 23 per cent. of the entire dead load, is 
made up of paving, sidewalks, ornamental iron, tracks, conduits 
etc. Without this load in place, the cables have less than the ful 
dead-load sag and the trusses are in negative bending. To realiz 
the full dead-load condition over the entire structure at one tim 
would have required about 7000 tons of surcharge, the cost o 
which would have been prohibitive. Accordingly, the expedient 
of partial loadings was adopted and the roadway slab used 
as surcharge. 

This expedient took advantage of the delicate balance of thi 
structure whereby the effect of loading one span without 
corresponding load in the others was to bring that span down t 
or below, its “ no stress’ condition. Small sections of slab were 
poured in the side spans before any was poured in the main span 
This operation brought the side spans down to one foot below 
and raised the main span to a point 514 feet above the * 
position. The compression in the top chords of the side spans 
and in the bottom chords in the main span was sufficient to brin; 
the joints to perfect bearing and they were riveted. After this 
riveting had been done, the concreting of the main-span slab was 
begun near the Philadelphia tower. With the addition of this 


‘no stress ” 


PLZZ SY ff UMOYS JBMIOT GAS BPs IO) 


FOF er peer ees ee Eee GOA /O"NLLY 


NOMLYWIALENOD IMIHMIT SNOLLIF7 S90 


Popydirer ge/s hom pooy eB 
HO|Y PUD 

Pica Te, wad wiyy ban 
HOG Fs 

p10d 2 Meg 00d uitpy bayony 9 
Per Gy torso 2A02002 Ut 

Pap dey tod wlyyy Gutparry s 


“7 


) 
, 


( 
— © &xoA7 A 2007] POA /OIFRAG{ 
~ — / 


Bay? way jog woe Uity puo 
pep da. tode aig balpaaly y 
PY Pe? JAYS 11 C 
PYPUD CAPFULAM SCAU, HY Z 
UMOYS PLPGM PAY IRBLP P4IOY? 
dy pao yourob ip “Sead {sj i 7 
ao we sp POM 0 LOCH, * 7) ~ - oT 
P = we Qh SPAR 2 > + - ANY A 304s + 


dee) “oa7 


49M, 


ee ee e 


DELAWARE River | 


THE 


Serre recrer 
i hbt ped TTT OOOO crear 
pe Et 


UOTE | 2 Phy 


June, 1926.] 


706 R. G. Cone. [J.1 


slab, the portion of the trusses in the vicinity assumed a radi 
ot curvature greater than that of the “no stress” curve ai 
the top chords came to bearing for riveting. Slab constructi 


was continued toward the centre of the span, deforming the truss 


as shown on the deflection curves and keeping the top chord in t! 


‘position for riveting as the work progressed. This operation was 


successful until the centre of the span was reached. From thi; 
point on, the effect of the slab as partial loading was lost, bu 
by pouring the remainder of the span, the centre was brough 
down to within 18 inches of its “ no stress ” position. With th 
truss in this position it was possible to bring the remaining to 
chord splices to bearing by the use of small surcharges. Two su 
charges were used, one a 100-ton load of pig iron on trucks and 
the other 200 tons of reinforcing steel which was moved by hand 
when necessary. By manipulating these surcharges to bring 
portions of the top chord in compression at a time, the remaining 
splices were riveted. The closing of one splice was aided by heat 
In this case one web of the splice had been closed and riveted 
during the day, but the other web had opened during a tempera 
ture drop over night. The open web was heated by oil-burning 
flame throwers which caused the open web to expand and brought 
the ends to bearing. Slab construction was suspended two weeks 
during the manipulation of these surcharges. 

During this operation the side spans were 14 inches abov: 
their “ no stress ” position and the bottom chords in compressio! 
The compression was sufficient to force the milled joints to beat 
ing and they were riveted. Of the methods used in closing chord 
splices, that adopted for one especially recalcitrant top-chord splic: 
in the Camden side span is of special interest. This splice hac 
not closed with the compression that had brought the other splice: 
in the span to bearing. To avoid moving the surcharges to this 
point the suspenders in the vicinity were released. This made th 
structure self-supporting and put additional compression in th: 
chord. With this compression it came to bearing and was riveted 
With all the chord splices riveted the concreting was resumed and 
the slab completed. ; 

The diagonals were riveted whenever the truss approache 
its “‘no stress”’ position. The floor system was riveted during 
all positions of the trusses. This was allowable since the stress 
expansion joints in the floor prevent its participation in trus 
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stresses. Stress expansion is provided every two panels of bridge 
in the floor system. ‘The stringers are free to move with respect 
to the rest of the structure at these points. 

The ends of the suspended spans are connected to the towers 


FIG. 13. 


Truss connection to towers. 


and anchorages with 16-inch pins. These pin connections carry 
only live-load reactions. Without the full dead load in place, 
the suspenders had not received enough stretch to bring the span 
down so that the pin-holes were matched. It was desirable to 


i@y 
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drive these pins before the travellers were dismantled. In ord 
to match the pin-holes the travellers were moved to the ends 
the spans and the concentration of this equipment was sufficie: 
to stretch the suspenders the required amount and the pins wer 
slipped into position without difficulty. 


ROADWAY SLAB DETAILS. 


The roadway slab presented some unique features both i: 
design and in construction. It is 6 inches deep, reinforced trans 


Fic. 14. 


Slab forms and stress expansion joints 


versely with special steel reinforcing trusses and longitudinall: 
with '%-inch deformed bars. The slab was iaid on top of th 
roadway stringers. It was divided into sections two panels i: 
length by the stress expansion joints. These joints consist 
two 8-inch by 3%-inch bulb angles, back to back, that dam the 
concrete on either side of the joint. The bulb angles are anchored 
into the concrete with anchor bolts and fastened securely to th: 
stringers on one side of the joint and to the floor beam on th 
other. The nominal distance between the backs of the bull 
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angles is % inch. 
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The reinforcing trusses are an especially interesting item as 
they are not only a new departure in roadway reinforcing, but are 
easier to place than the ordinary systems of reinforcing. The 
trusses are 4% inches deep out to out of chords. The chords 
are rolled sections of U-shape which are connected to the flat web 
members by gripping with great pressure. The connection made 
in this manner is sufficiently strong to develop the web. The 


trusses were supplied by the Rivet Grip Steel Company, of Cleve- 


Slab reinforcing truss removed from test slab. 


land, Ohio. This contractor delivered them to the site and they 
were placed by the slab contractor. 

The trusses were held in position during pouring by special 
steel chairs that rested on the roadway stringers. These chairs 
not only held the trusses to their correct elevation with respect to 
the forms, but also spaced them to the correct spacing of six 
inches. The network of reinforcing was completed by the longi- 
tudinal bars. This system of reinforcing was very rigid and 
was not displaced in the pouring operation. 

The forms for the slab were of simple design and were made 
of wood. They were used over again several times owing to the 
ease with which they could be stripped. A scaffold one panel long 
and the complete width of the roadway was used in stripping. 

Vor. 201, No. 1206—51 
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The concrete was mixed at a central mixing plant located 1 
the Philadelphia tower and hoisted to the bridge deck. It was 
distributed along the structure with one-yard dump-body For 
trucks. Until the slab was constructed, these trucks were carrie 
on a plank roadway. The maximum day’s run was five expansi 
sections or over 200 feet of 57-foot slab. 

Great care was used to secure a bottom surface that was fre 
from honeycomb or voids. Two pneumatic, vibrating, rubber-sh 


Fic. 16. 


Slab reinforcing in place. 


hammers were used to vibrate the forms and the reinforcing stee! 
while the concrete was being placed. In addition to this pr 


caution a workable mixture of concrete was used with a hig! 
cement content. These precautions were well worth the effort 
as the under-surface of the slab is very smooth and free fron 
voids. It is also felt that vibrating the forms has produced 
dense concrete that will stand the test of time and hard usag¢ 
The specifications for the nominal I: 11%: 3 concrete used in th: 
slab call for a strength of 2500 pounds per square inch and th 
average strength of the test cylinders made in the field is 2695 
pounds per square inch. 
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In conclusion, it is fitting to give great credit to the excellent 
spirit of cooperation evidenced by the different contractors. 
Although forced to carry on different operations in the same 
limited space, they adopted a policy of give and take for the good 


FIG. 17. 


General view with slab complete. 


of the work. It was only due to this splendid spirit of cooperation 
with each other and with the engineers of the Delaware River 
Bridge Joint Commission that the same high standard of work 
that has been done on the rest of the structure was maintained. 
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CABLE CALCULATIONS FOR THE DELAWARE 
RIVER BRIDGE.* 
BY 
G. M. RAPP, Jun. M. Am. Soc. C. E, 


Assistant Engineer, Delaware River Bridge Joint Commission. 


THE main cables have received a degree of popular interest 
and professional attention that has probably not been accorde«| 
any other single element of the Delaware River Bridge. 

And perhaps no other part of the bridge so well deserves suc! 
interest and attention. The two cables compose the main load 
carrying member of the bridge and exert their influence over al! 
parts of the structure. The design of the towers and anchorages 
which support and anchor them depends upon our knowledg 
of their behavior, while the stiffening trusses, in performing 
their important functions of limiting distortion and distributing 
load, follow the cables closely in all movements, and a rationa 
analysis of the former necessitates a full knowledge of thei: 
action. It is also apparent at once that the erection of so impo: 
tant a member of a load-carrying system entails additiona! 
calculations of considerable refinement. Therefore, it will b 
proper to treat the subject-matter with reference to (1) towe: 
analysis, (2) stiffening truss analysis, and (3) erection. In thi 
sense used here analysis means that phase of design wherein w: 
treat only of the calculations necessary to determine the forces, 
stresses and motions in the various parts of the bridge. It should 
by no means be construed to embrace those features of design that 
involve planning, choice of character size and shape, proportioning 
of members and parts, and the many other duties in the realn 
of design. 

The cables themselves have been so frequently described that 
I shall only briefly outline their composition, physical qualities 


and geometry. Two in number, they are each made up of 18,660 


parallel steel wires bound tightly together into a compact circula: 
cylinder thirty inches in diameter. Each wire is 0.196 inch i 
diameter over galvanizing, has a specified minimum ultimat 
strength of 215,000 lb. per square inch, a specified minimun 
yield point of 144,000 lb. per square inch, and a coefficient o! 


* Presented at a joint meeting of The Franklin Institute and the Philade! 
phia Section, American Society of Civil Engineers, held Thursday, Marc! 
4, 1926. 
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elasticity of about 27,000,000 Ib. per square inch. Each cable is 
3550 feet long from centre to centre of strand-shoes at the anchor- 
ages and is held immovably fixed by friction to the towers and 
anchorage cable bents which support them. The normal sag 
between towers in the*centre span is 200 feet; the normal sag 
from the chord to the table curve in the side spans is 37 feet. In 
round numbers the two cables contain over 25,000 miles of wire, 
or enough to extend once around the earth’s equator, have an 
ultimate or proof load combined of 120,000 tons, and a total elas- 
tic stretch from no load to fully loaded condition of about 15 feet. 

Let us now view the action of the bridge under loading condi- 
tions. With no live load on the structure and with an assumed 
normal temperature the entire dead load is carried by the cables. 
The trusses remain suspended free in an unstressed condition. 
The cables hang in their natural curves, parabolas, for this dead 
load, which is assumed distributed uniformly over each span. 
In this state the cables, towers and trusses form an elastic system 
in equilibrium. With the advent of live load or a change in 
temperature, or both, the cables change their length and shape, 
the towers bend, and the trusses deflect to accommodate these 
changes and the entire system takes a new position of equilibrium. 
The cables and trusses each then take a share of the live load, and 
the partition of this load depends upon the relative stiffness of the 
two. The trusses, acting as beams, carry their proportionate 
amount of the load to the supports at the towers and anchorages 
and distribute the remainder of the load to the cables. It is 
largely this redundancy of load partition or static indeter- 
minateness that renders the problem of the suspension bridge 
difficult for solution. 

In studying the effect of loads on the structure it must be 
borne in mind that no single span is complete by itself; that is, 
a load on any span is reflected in the other two, or, stated in other 
words, loads on any span have their counterpart in loads neces- 
sary to balance them on the other two spans. This adjustment 
of load between spans is simply the balancing of three equilibrium 
polygons. To illustrate let us take the case of a uniform live 
load in only the centre span: The part of this load that goes to the 
cables increases the stress in them and they therefore stretch or 
increase their length, which causes in turn an increase in their 
centre sag. This is accompanied by a displacement of the tower 
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tops inward, or towards each other, which again increases the 
sag. These increments in sag, on the other hand, cause a decrease 
in cable stress with a consequent shortening of length, and 
decrease in sag. There is a balance between these two effects 
This is not all, however, for the balancing of the horizontal 
components of cable stress at the towers requires that the stress 
in the side-span cables should also increase. To do this the) 
must change their shape or find load; in effect they do both oi 
these things, for they flatten their curves by increasing their spa 
(that is, by letting the towers over) and in so doing they pull wy 
on the trusses, which, by reason of their resistance to bending, 
supply a load. The whole system ultimately comes to rest with 
equilibrium between three cable polygons, on the one hand, and 
three elastic beams or trusses on the other. Similar reasoning wil! 
apply to live loads on the other spans, and also to temperatur: 
changes from normal, which, in shortening or lengthening the 
cables, act as so much equivalent live load. It is obvious that the 
shorter the span of the trusses, the stiffer they will be and the 
more resistance they will offer to motion, other things being 
equal; and so it is not at all surprising to find that the side-spai 
trusses carry approximately three-quarters of the live load o1 
the span and that the centre-span trusses carry only about one 
twentieth of the live load on that span. This, interpreted in 
another way, means that loads on the side spans will have rela 
tively little effect on cable stress compared with those on the centr« 
span. Asa last word on the operation of the bridge under load, 11 
is helpful in visualizing load effects to compare the bridge with a 
seesaw or lever, in which the side and main spans are the two arms 
and the tower the fulcrum: That is, loads on the main span caus 
a downward deflection there and an upward deflection in the sic 
spans, and similarly, loads on the side spans deflect those spans 
downward and the centre one upward. 

A discussion of cable calculations in relation to stiffening 
truss and tower analysis can hardly be considered complete with 
out some mention of elastic deflections. Any statements that ar 
made concerning these must, however, first be qualified and the 
results judged accordingly. In the first place, these motions ar 
based upon certain assumptions of loading and temperature. They 
not only assume the greatest possible density of traffic and 
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extremes of temperature, combined with segregation of load, but 
they also require these several conditions to be simultaneous and 
in the proper relation to each other to produce maximum effects. 
In so much and so far they are no different from the usual load- 
ing criteria for ordinary short-span bridges. But when the spans 
are long the probability factor becomes important. Like the 
design of flood control works, dams, or sewers, the maximum 
conjecturable or estimated peak loads must be cared for and the 
structure made safe to withstand them. Here the analogy ends, 
for in a structure as flexible as the suspension bridge the changes 
in form that accompany these peak loads are relatively large, and 
their meaning may be misinterpreted and their importance mis- 
understood. In some cases of the suspension bridge these large 
distortions may be for the most part only of academic interest, but 
in other cases they may attain prime importance. In connection 
with the tower, large deflections cannot be other than of great 
importance; in speaking of the stiffening trusses, they may or 
may not be so considered, depending upon the character of the 
traffic to be carried. 

To illustrate—the maximum downward deflection in the centre 
span would be obtained when that span only is loaded from end 
to end, with both high-speed car-tracks and surface car-tracks 
fully occupied with crowded trains and cars, the fifty-seven-foot 
roadway jammed with heavy vehicles, and the two ten-foot foot- 
walks crowded with people; and furthermore, the temperature 
would have to be 110° F. at the time. It can be seen that the 
probability of such dense, segregated loading is remote and could 
be obtained only under most unusual conditions. Such, however, 
is the character of our very aptly termed “ congested live load ” of 
12,000 Ib. per foot of bridge. This loading was used in the design 
of the cables. It was also used in the design of the stiffening 
trusses and towers. 


CABLE DESIGN. 


Among the first calculations that must be made are those for 
determining the maximum pull in the cables. This must be done 
before either anchorages, towers or trusses can be designed. It 
may seem a bit peculiar, but it is nevertheless true that the design 
of the cables themselves, that is, the determination of the required 
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cable area, is probably the most simple problem of the suspension 
bridge. The largest cable stress requires the bridge to be fully 
loaded from end to end at the time of lowest temperature, as this 
is the temperature which gives the smallest sag. The greatest 
cable stress is found at the towers where the secant of inclination 
is the largest. This stress divided by the assumed unit stress of 
72,000 lb. per square inch gives the required area of cable. It 
would seem necessary in some cases to investigate the possibility 
of a slightly different loading giving a secant at the tower enough 
greater than the one for this case of full load to more than offset 
the effect of a decreased stress due to the change of load. In 
general the cables are considered perfectly flexible, that is, having 
no resistance to bending, but at and near the towers there are 
certain secondary stresses. These were investigated and allowed 
for in the design. Extensive tests were made upon a section of 
sample cable to establish empirical laws of bending and internal 
friction, or longitudinal shear. The data of these tests were 
interpreted by means of a very nice theory that had for an 
hypothesis the creation of a “ zone of slip” within the cable. 


TOWER ANALYSIS. 


In their relation to tower design, or more properly towe: 
analysis, cable calculations play an important role. The main 
towers present the problem of cantilever beams each compelled to 
deflect definite amounts while acted upon by three forces: The 
vertical reactions from the cables, the unbalanced horizontal 
cable tension, and the truss reactions. These forces, together with 
the displacement of the tower top, all of which are prerequisit« 
to tower design, are dependent upon an analysis of the cable for 
several critical loading conditions. It is beyond the scope of this 
paper to treat all these cases of loading, but it will suffice to deal 
with the general case somewhat in detail. The method of treat 
ment is one of “trial and error’’ and was developed by Mr 
Allston Dana, Assistant Engineer of Design, and extended and 
elaborated by the writer. It is believed to be rather unique in that 
it lends itself readily to a physical conception of the problem 
at every step and is entirely free from complex mathematical 
quantities. It is even applicable to slide rule analysis with some 
care and ingenuity. The method is based upon the principle 
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that the summation of all the changes in horizontal span length 
over the entire bridge from anchorage to anchorage must be equal 
to zero. The deflection of the cable at the middle of the main 
span from its normal position is assumed or roughly estimated 
for the given loading; by neglecting the suspender stretch, which 
is relatively very small, this also gives us the centre deflection of 
the truss; by applying the theorem of virtual work to the full 
truss with uniform load we are able to calculate its stiffness and 
express this in terms of intensity of load necessary to deflect it one 
foot at the middle of its span. We are thereby enabled to deter- 
mine the amount of load carried by the truss system for the 
assumed deflection; the remainder of the live load on the span 
plus the whole of the dead load is carried by the cables. It is then 
a simple matter to figure the increase in cable stress, thence the 
cable elongation, bringing in temperature effect if necessary, and 
finally from this new derived cable length and new sag, the new 
horizontal cable span. So far the main span is treated as a unit 
by itself. The side spans are slightly more difficult to analyze: 
Here we have to find, first, the apportionment of live load between 
cable and truss, then the new cable sag, and finally the horizontal 
cable span that combined with this sag will give the required new 
length of cable found as in the case of the main span from stress 
and temperature changes. By balancing the H’s at the tower 
the sag is expressed in terms of the main-span sag and the inten- 
sity of load on the cables in both spans; it may also be written 
as the sum of the original sag and the new side-span truss deflec- 
tion, which latter is expressed as a function of the load on the 
span less the load on the cable. Here again the truss stiffness 
factor is calculated separately by means of virtual work. In these 
two equations we solve for two unknowns—the side-span cable 
sag and the side-span cable load. It only remains to find the 
horizontal span that is concurrent with this sag and with the 
length of cable calculated from stress and temperature elongation 
or shortening. 

It is evident that the main span’s gain in horizontal length 
must be the side span’s loss, or, in other words, that the sum- 
mation of all changes in length over the entire bridge must be 
equal to zero. Summing up in this way, we obtain a difference 
by which we fail to balance, and, applying this with some judg- 
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ment to a reéstimate of centre sag we repeat the above process 
until a satisfactory balance of horizontal lengths is obtained. 

In this method all cable curves, being the equilibrium curves 
for uniform loads, are parabolas, and the determination of their 
sags, lengths and spans is merely a matter of analytical geometry. 
When a balance is obtained we have not only the desired tower 
deflection, but also a complete knowledge of, or basis for, figur- 
ing all forces, motions and stresses throughout the bridge for 
this condition of loading. Other conditions of loading are 
analyzed in a similar way; Fig. 1 will show the cases treated in 
the tower design and the resulting forces and motions. It is 
interesting to note in passing that the forces, motions, and there- 
fore the stresses for working live load are not one-half those for 
congested live load though these two loadings bear a 1: 2 ratio. 
This lack of proportionality of loads and motions, which pre- 
cludes the use of the common influence line and which renders 
all stress calculations more difficult, is simply the result of the 
flexibility of the bridge. 

The writer does not wish to pass on without just a few words 
in reference to tower motions. The idea of these massive steel 
columns, seemingly so stiff and rigid, bending to and fro with the 
advent of loads on the structure, has been the cause of no little 
wonderment to the layman, the cause of considerable worry and 
doubt as to their safety on the part of the newspapers, and, at 
times, even the cause of some unrest to engineers. It is empha- 
sized that such motions are provided for in the design, are even 
desirable from certain points of view, and constitute a true 
elastic behavior. It is true that for certain light erection loads 
the towers become surprisingly sensitive and show high deflec- 
tions, but, although these large motions are more serious at the 
light loads, they may be easily anticipated by calculation and 
limited by a proper erection program. It is interesting to observe 
that the total maximum range of top deflection is 39 inches for 
congested load and 22 inches for working load. 

A word must be said, too, of the effect of temperature or ther- 
mal load on the tower deflection. Briefly stated and without 
qualification, a change of one-half the total assumed temperature 
range (which is taken in this case as 110° F.) will produce a 
tower motion of three inches either way, that is towards the river 
for an increase or towards the land for a decrease in temperature. 
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STIFFENING TRUSS ANALYSIS. 


First and last, the problem of the suspension bridge is a: 
elastic one, and strictly speaking such a bridge might well | 
classed as a kinetic structure. Deflections are in the order « 
magnitude of feet instead of inches, as in the ordinary short-spa: 
bridges, and it is for this reason that the assumption always mac 
in the latter that the lever arms of the forces do not chang 
under load becomes invalid. When one considers this fact it is 
surprising, but nevertheless true, that most of the theories i: 
existence and common use in the design of such structures calm! 
neglect this well-known fact and are based instead upon th 
assumption that the cable polygon remains undistorted under li\ 
load. They are called approximate theories and hold thei: 
popularity primarily because they are simpler in application and 
are free from the degree of mathematical intricacy found in th 
more exact theory. The effect of these approximate theories is 
to produce stiffening trusses less economical than those designed 
according to the more exact theory, and the extent to which they 
may prove uneconomical may vary from a negligible amount t 
as high as 40 per cent., depending upon whether or not the trusses 
are stiff enough to limit the polygon distortion to small amounts 
In this bridge the exact theory was used and considerable saving 
in truss metal thereby affected. 

This theory, which had its conception in the mind of Melan 
was greatly elaborated, extended and placed in very attractive 
form by Mr. Leon S. Moisseiff, Engineer of Design, Delawar 
River Bridge Joint Commission. It has been used in the design 
of the Manhattan, Delaware River, and Poughkeepsie suspen 
sion bridges. 

As in the case of the main towers an analysis of the stiffening 
trusses, that is, a determination of moments, shears, and deflec 
tions, depends upon certain cable calculations. The problem 
becomes one of finding the horizontal component of cable tension, 
H, for each condition of loading. Once this is found the rest is 
simple, and we may proceed directly to moments, shears and 
deflections without further difficulty. It has been shown above 
how this value of H can be found for the more simple conditions 
of uniform loading over the whole of any or all spans. Unfortu 
nately the loading criteria for maximum moments and shears in 
the stiffening trusses are not generally susceptible to a similar 
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semi-geometrical method of treatment. In the former cases it will 
be noted that the cable curves were single parabolas corresponding 
to the uniform loads over the full length of each span; now, 
however, with loads covering only a part of the spans the line 
of the cable in such a span becomes two or sometimes three para- 
bolas having common tangents at the points of change in load. 
This would render accurate solutions for lengths extremely diffi- 
cult. Furthermore, the determination of the share of the loads 
carried by the cables would become very complicated. Such a 
method of attack, desirable as it may be, is not adaptable to the 
design of the trusses. We, therefore, have recourse to that most 
useful of all theorems of mechanics in dealing with indeterminate 
structures, namely, the theorem of work. By equating the work 
done by the suspender forces acting on the cable to the work done 
by the internal stresses in the cable integrated over the entire 
bridge, we are enabled to drive expressions for H in terms of 
the external loads on the bridge. Since the trusses coOperate 
with the cables in carrying live load, the equations for H are 
functions of the truss stiffness and the cable stiffness. The truss 
stiffness finds expression in terms of its moment of inertia and 
the modulus of elasticity of its metal, while the resistance of the 
cable to distortion, or its stiffness, is found in terms of its stress 
and its modulus of elasticity. 

It is instructive in correlating cable and truss action to con- 
sider the effect of thermal load only on the structure. Take, for 
example, the case of a material increase in temperature with no 
live load on the structure: The cables of course will lengthen; 
the increase in length of the main-span cable will cause that cable 
to sag deeper, and the truss will therefore be lowered, or deflected, 
an equal amount. Inasmuch as any deflection of the truss must be 
caused by a load, this means that it is now carrying a share of 
the dead load, thus relieving the cables (which were supporting 
the full dead load) of a corresponding amount. This relief of 
load on the cables results in their shortening a certain amount 
in contra-action to the thermal elongations. There is a further 
reduction in their length, too, on account of the smaller stress 
caused by the increased sag. Meanwhile, however, the side-span 
cables have lengthened under the same temperature increase, and 
in doing so have allowed the towers to move toward the centre 
span. The effect of this is to again add to the centre-span sag, 
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which once more decreases the stress and length of the cables 
There is a balance between these stress shortenings and thermal 
elongations. The solution sums up these effects over the entire 
bridge. When the balance sought is obtained, we find that the 
main span is deflected downward 1.8 feet for a temperatur 
increase of one-half the range with no live load on the bridg 
It is therefore carrying load, paradoxical though it may seem 
Physically, this load can be no other than a portion of thx 
dead load. 
ERECTION. 

Usually in the design of bridges over navigable waters th: 
War Department imposes certain limitations at the outset. |: 
our particular case the length of the centre span was limited t 
the clear distance between pier-head lines for a minimum, and 
the under-clearance had to be maintained at 135 feet above mea: 
high water. These and other practical and economical considera- 
tions fixed the length of the side spans and the normal sag of the 
cables in the centre span. A combination of all these requirements 
determined the position of the bridge in a definite condition 
We have constant reference to this condition in the design of the 
cables and suspended structure. It is the maximum dead-load 
condition, that is, the completed bridge with all its appurtenances 
at a certain temperature. It is the basic position to which we refe1 
all deflections and motions; and it is also the status quo fron 
which all stresses are figured. For the erector in the field, it is 
his ultimate objective. In the calculation of the cables proper it 
is but the starting-point. 

Theoretically the cables must be placed during their erectior 
so that the bridge when completed will hang in or very near its 
correct position at a given temperature. Practically, we know 
that this ideal condition will probably only be approached. Cer 
tain phases of the problem are more or less beyond our contro! 
Such as the modulus of elasticity of the completed cables, the 
non-uniform distribution of dead load, and the actual absolut: 
span lengths. However, we know these physical constants fairl) 
well and the effect of errors in them is usually small. 

Let us progressively reverse the process of erection and see 
what part the cable plays therein. With the bridge in its final! 
dead-load condition the cables hang in the shape of equilibrium 
polygons under the effect of the vertical suspender forces dis 
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tributed uniformly along the span. As these forces are all evenly 
spaced and are of the same amount (an assumption which is very 
near the truth: The maximum variation from the average being 
less than 5 per cent.) the vertices of these equilibrium polygons 
will form in each case a definite mathematical curve—the com- 
mon parabola. The exact length of the cables hanging in such 
curves can be determined. If now the weight of the entire sus- 
pended structure be removed and the cables left bare, they will 
shorten because of this relief of load and stress, and will hang 
in smooth curves under the sole effect of their own weight. The 
cables having a constant sectional area, this weight will be dis- 
tributed uniformly along their own length, and they will therefore 
each have the configuration of a definite mathematical curve— 
the common catenary. This curve, like the parabola, gives an 
exact length of cable. The condition of catenary cable represents 
the cables in their position after they have been strung and 
before the dead load of the suspended structure has been hung 
upon them. In this state they are considerably higher at the 
centre of the spans than when they were fully loaded, and this 
amounts to seven feet in the main span for normal temperature, 
though it may be much more for lower temperatures. This serves 
to illustrate the magnitude of the motions that are involved, and 
which must be predetermined to a relatively fine degree. 

The erection of a long-span suspension bridge, and this applies 
particularly to the cables, differs from that of its brothers, the 
cantilever and the arch, in that the procedure employed is stan- 
dardized, the required accuracy is much less, the danger to both 
structure and life is a relative minimum, and the necessity of 
or occasion to compute any erection stresses is almost absent. 
Who would think of erecting the compression chord of an arch 
without very meticulously precalculating all erection loads and 
conditions, particularly at the time of closure? Yet in the corre- 
sponding tension chord of the suspension bridge, the cables, the 
very nature of the problem renders it impractical and totally 
unnecessary to carry on any such elaborate calculations for erec- 
tion. Although a slight error in length of cable placed in any 
span will cause from two to five times this amount in vertical 
position of the roadway at the centre of the span, and may affect 
the final tower position, there is an opportunity in the deter- 
mination of suspender lengths for adjusting this in the former 


RE BESS SS oS 


teat Le en tee 


en 


wee nme eens 


724 G. M. Rapp. [J.F.1 


case, and the resulting stresses in the tower are small in the latte: 
case. However, because the chance for large and intolerab)| 
errors is present, a close control of cable erection is pertinent and 
advisable. By “ control of erection” I mean not that type neces 
sary and paramount to all forms of control, field supervision and 
inspection, but the careful checking and precalculating of the 
cables in each and every stage of their construction. In carrying 
this out we were most fortunate in having contractors wh 
cooperated with us in every phase of the work. 

The calculations applied to erection may be grouped as (|! 
lengths of loaded cables, (2) lengths of unloaded cables, (3) th 
free strand, (4) sag-temperature-tower-motion charts, (5) clos 
ure figures, and (6) field check analysis. 

The correct length of cable to be used in each of the spans is 
determined by setting definite points on the cables at prefigured 
elevations, and not by physically measuring off calculated lengths 
of wire. For convenience these points are taken at the mid-span 
of the cables. In doing this we are simply fixing a third point on 
a curve, the law of which gives us the relations between length. 
span and load. To begin with we do not know of the unloaded 
cables, either their exact span (that is, the position of the towers 
or their length; but we do know these for the fully loaded cables 
and furthermore, we know the change in load which occurs 
between the two conditions. If we can find a catenary cable i: 
the centre span which has a stress differing from that of th 
loaded cable by an amount just sufficient to stretch the cable t 
its correct known length in the latter condition, we have deter 
mined the curve for the unloaded cable. Because the horizontal! 
components of stress in the cables of all three spans are equal, we 
then have the change in stress in the side-span cables from which 
to figure their shortening and thence their unloaded length. The: 
it is a simple matter to calculate all the ordinates to the cables 
and the sags with which to set them. The actual calculations ar: 
somewhat complicated by the many details and corrections which 
have to be made. 

It is important to note in the above deduction of catenar) 
cable lengths that we have worked with changes in conditio: 
and not with one definite condition. The argument was often pre 
sented that, because of the lack of knowledge of the exact distanc« 
between towers, any cable lengths based upon these purely hypo 
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thetical spans would be wrong, and that therefore the sags set 
from these lengths would be in error. Clearly, however, by 
working with only conditional differences, and by setting the 
cables in abstract elevation, we have largely obviated the likeli- 
hood of any such errors. If we have set the unloaded cables to 
an elevation based upon a hypothetical span, and the actual span 
is a little longer, then perforce there must have been more wire 
placed in that span, and, if the change in condition between dead 
load and unloaded cables remains constant (as figured), then 
there will be the extra needed length of wire in the parabolic cables 
to permit them to hang at the proper elevations when the bridge 
is completed. 

The erector in the field does not set the cable as a unit, but 
as sixty-one individual units or strands. He must have a means 
of readily determining the correct elevation at which to set the 
first strand whatever the condition of span and temperature may 
be at the time. When the first strand has been set and adjusted, 
the remaining strands are set with reference to it; and so the 
question of how close the cable will come to its correct position 
revolves about the exactness and care with which the first strand 
is placed. Consequently a comprehensive sag chart which gives 
the elevations at mid-spans for varying tower deflections and a 
wide range of temperatures is prepared. The data for plotting 
these charts are computed as follows: For a given tower deflec- 
tion and temperature we figure the changes in span and length 
of the cables, always referring to the changes in span to the 
maximum dead-load position in order to work only with differ- 
ences in condition; other changes, such as the elongation of the 
main towers and cable bents which occur in passing from loaded 
to unloaded cables, are necessary refinements that have to be 
made. The change in length of cable due to the change in tem- 
perature from normal is applied to the normal catenary cable 
length, and a new length found. When we have the spans and 
lengths of the cables, we can find their sags by using the known 
laws of the catenary. It is then but a step to find the elevations 
required to plot the curves. A source of error likely to creep into 
the computation of these sag charts is the neglect of the elastic 
change in length of the cables due to stress. This can be corrected 
by a simple cut and try process. 

It is convenient in dealing with the catenary curve to use 
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hyperbolic functions because these give very simple expressions 
for length and sag. It might be said here, too, that in all com 
putations of cable lengths for erection purposes, exact equations 
should be used, as they are practically no more difficult to hand\ 
than the approximate ones, and the latter are likely to giv 
errors too large. 

While the strands are being strung they are supported i: 
temporary sheaves on the towers and anchorage bents. They ar 
then free to take a position of equilibrium dependent upon 
balance of their total tensions on both sides of these sheaves 
(Compare this with the equality of H’s which is the criterion fo: 
the balancing of the strand after it has been laid in the saddle 
This is called the free strand. Computations have to be mac 
in order to see whether or not it will foul the foot-bridges, and 
so interfere with the stringing of the wires. At once we know tly 
total length of this strand from anchorage to anchorage: It is 
equal to the length of the unloaded cable less a correction. This 
correction provides for the difference in length along the centr: 
line of the unloaded cable and that along the centre line of th 
particular strand in question. We also know the horizontal spans 
because the tower deflections are given. First, we assume a strand 
tension at the support, or sheave, and from this and from th 
known span and weight of the strand we compute its length in th 
centre span. One-half the difference between this length and 
the over-all length, which is known, will give us the length o! 
strand in the side span, and, reversing the process of calculation 
used in the main span, we solve for the strand tension on the sic 
span of the sheaves. A comparison of this tension with that 
assumed for the main-span portion of the strand will undoubted! 
show a variation, and a second and possibly a third trial will bh 
necessary before the required balance is obtained. Hyperbolic 
functions form very useful “ mathematical tools”’ for solving 
this problem. 

Reference has frequently been made to the fact that the 
horizontal component of cable tension, H, is constant and equal 
in the cables of all three spans. This assumption would be tru 
if the cables were supported on frictionless rollers where they pass 
over the towers, or if the towers themselves had frictionless hinges 
at their base. As neither of these conditions prevails here, this 
assumption of equal H’s is only approximate. The towers offe: 
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considerable resistance to the horizontal motions sought by the 
cables while reaching a balance under load. These two systems, 
the cables and the towers, will resist any horizontal motions 
imparted to them in proportion to their relative stiffness. In 
stiffening truss analysis and in tower motion determination, 
where the cables are fully loaded, the effect of this differential H 
is small and fortunately it may be neglected. Indeed, by neglecting 
this additional force we are on the safe side. In the analysis of 
the unloaded, or the bare cable, it cannot be ignored, for it is 
relatively large in comparison with the forces then being dealt 
with. In the design of the tower it was the all-important force. 

If we consider the final point of attachment of the cables to 
the towers we see that the horizontal forces intersecting at this 
point must always be in balance or motion will result. In other 
words, there is a definite position of equilibrium for this point that 
is compatible with a balance between the H’s in the main- and 
side-span cables, and the horizontal compelling force P which 
represents the stiffness of the tower. With the cables in their 
maximum dead-load position this point of equilibrium is by 
hypothesis five inches shoreward from the position of the straight 
or unflexed tower. Let us suppose now that the saddle is on 
rollers. The point of intersection of the side- and main-span 
cables will then be free to take its balanced position independently 
of the resistance of the tower. When load is removed from the 
cables this balanced position will be displaced shoreward, and 
for the condition of the unloaded cables will become 18 inches 
from the vertical. While laying each strand in the saddle and 
while adjusting it to the proper sag, its unrestrained position in 
the sheaves is such that the point that is to be placed over the 
centre line of the tower is found to be a few feet down along its 
length in the side span. It is therefore necessary to pull a certain 
amount of each strand over into the main span when it is dropped 
into its correct position in the saddle. If the distance that a strand 
is pulled becomes too great, the strand will slip in the saddle. 
The full 18 inches in our case was too great, and therefore it 
was reduced to 7 inches by pulling the towers back 11 inches by 
means of independent guy ropes before erection was begun. This 
gave a strand friction of 9 per cent., and was found to be ample 
to prevent slipping. 

The writer would like to dwell in passing upon the cable calcu- 
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lations made and intended to be used as a guide in closing the 
stiffening trusses. It was planned to codrdinate the work ot 
riveting the trusses and pouring the concrete slab on the roadway 
in such a manner that the two could proceed together. The 
trusses were fabricated and assembled in the shops in a position 
corresponding to their maximum dead-load position in the bridge, 
at which time they are assumed unstressed. Therefore before the 
chord splices or diagonal connections were made the cables had 
to be in, or very near, their maximum dead-load position. As 
about only two-thirds of the full load was on the structure at 
this time, the cables were high. However, by balancing loads on 
the three spans it would be possible to bring the cables down 
to their proper positions and close each span. The problem was 
one of assuming the normal sag and temperature for the span to 
be closed, and then finding for various uniform loads in the clos- 
ing span the balancing loads in the other spans. From this 
simple information load-closing curves were plotted for different 
temperatures. These curves gave for a load on any span the 
load on the other spans necessary to hold the former one in its 
closing position. 

An interesting and detailed analysis was made of suspender 
lengths. It was desirable to hang the stiffening trusses very close 
to their elevation as designed. In suspension bridges this is 
generally done by adjusting the suspenders, as the need may 
require, after the trusses are hung. Because there was no facile 
means of adjusting the length of these ropes after they were in 
position and after the trusses were hung from them, an attempt 
was made to establish their correct length from a comprehensive 
collection of field data. Numerous tests of the wire rope were 
made and analyzed, and a representative stretch factor was 
obtained with which to compute the elongation of the suspenders 
which would occur when the dead load of the structure came upon 
them. The length of the suspenders to be cut was calculated 
by using these stretches and by basing all figures upon theoretical 
elevations for cable and truss profiles. These results were sent 
to the field, the ropes were laid out, measured off, cut and socketed, 
and then remeasured. The variations involved in these field 
operations were thereupon transmitted back to the office. Here, 
in the meantime, data worked up from a field survey of the 
completed cables gave us the predicted elevations at every panel 
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point along the centre line of the cable in its final dead-load posi- 
tion; periodical reports from the shops where the stiffening trusses 
were being assembled also furnished us with the data from which 
we established the actual profile of the trusses in their fabricated 
position. These data even included the small shop errors in 
elevation that were made in assembling the suspender connection 
angles to the trusses. Finally, the variations in setting the cables 
and fabricating the trusses, combined with those made in actual 
cutting and socketing the ropes, were translated into terms of 
a correction in length for each and every suspender—596 in num- 
ber. This length correction was physically made in the field by 
shimming between the suspender sockets and bearing angles on 
the trusses. The almost contemporaneous progress of the work 
of truss fabrication, suspender cutting, and even truss erection 
made cooperation very essential in carrying out this program. 

There remains one phase of cable calculations not yet men- 
tioned—the analytical computation of field check measurements. 
These measurements were taken in order (1) to determine the 
actual stiffness of the main towers in resisting horizontal forces 
applied at their top, (2) to establish the length of the uncom- 
pacted and compacted cables as they were placed, and (3) to pre- 
dict future tower positions and cable elevations for the maximum 
dead-load condition. 

At the time of pulling back the tower columns in preparation 
for cable erection, it was found convenient to check the tower 
stiffness. The field measurements consisted of observations of 
the sags in the guy-ropes used in pulling the towers back, the 
sags in the foot-bridge cables, and the temperature. The calcu- 
lation required the finding of the net horizontal force at the top 
of the tower, and the portion of the reported deflection due to 
this force (the vertical load is responsible for some of the deflec- 
tion). The results showed an average stiffness of 19,000 pounds 
per inch of deflection compared with the theoretical amount 
of 20,800 pounds per inch. This is a difference of 9 per cent. 
When the wide, possible variations in load and temperature com- 
bined with the difficulties attending the physical measurements 
are considered, this might be classed a very close check. 

When the cable had been completely strung, and while it 
was still in its hexagonal, uncompacted state there was an oppor- 
tunity offered for checking the actual lengths of wire in the 
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individual spans. Field measurements included observations 0! 
sag (obtained by surveying elevations) tower deflection and tem 
perature. The computations consisted of finding the catenar, 
curve fitting these conditions. A parallel set of observations and 
calculations were made after the cable had been compacted to its 
final circular shape. The results of both of these checks ar 
shown in Table I. | 


TABLE I. 
Cable Lengths from Field Observations. 


Philadelphia | 


er Camden 
Date of Observation. Side Span. Centre Span. Side Spar 
> at) b SBE. Theoretical Lengths. __ 
780.60 feet 1791.60 feet | 780.60 feet 
Sie et ne Sait te oe. ae Cable—Uncompacted. cE 
December 23, 1924 780.63 feet 1791.60 feet 780.60 feet 
December 30, 1924 780.61 feet 1791.75 feet 780.56 feet 
| North Cable—Compacted. 
February 6, 1925 icsendahes 1791.76 feet 
February 25, 1925 A ng arp eae ene ioe 
eee wee. oT ec eates eee re rag Wa 780.60 feet 
site SSN _______ South Cable—Uncompacted. _ 
December 23, 1924 780.58 feet 1791.68 feet 780.63 feet 
December 30, 1924 780.57 feet 1791.73 feet 780.61 feet 
Seger cite Be TE Peet ee Ta South Cable—Compacted 
February 6, 1925 Pe ae 1791.77 feet 
February 25, 1925 780.61 feet sat athe Saat Wied 


aE Ge ree ew SLE ee ca 780.60 feet 


With these check analyses on the unloaded cable for a basis, 
a prediction of final tower positions and cable elevations for 
maximum dead load was made. The actual observed catenary 
cable lengths were increased by the theoretical stretches occurring 
between the two conditions of loading. This gave the probable 
length of parabolic cables under full dead load. It only remained 
to find the horizontal spans required to balance the H’s in the 
three cables. Table II shows the results obtained. Scanning this 
table we might interpret it as meaning that, from the field data 
on hand at the time, we would expect the cables for the completed 
bridge to hang at about the right elevation in the side spans, and 
about 11% or 2 inches high in the centre span; and that we would 
expect the towers to be a fractional part of an inch shoreward 
from their designed position except in one case, the north Philadel- 
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phia tower leg, which would be less than an inch riverward from 
this position. All of this would be predicated upon the assump- 
tion that the total stretches and changes in load between the two 
conditions of unloaded and loaded cables would be as theoretically 
computed, and that the distribution of dead load would be uniform. 

We have seen how important a part cable calculations play in 
the design of the towers, stiffening trusses and cables, and how 


TABLE II. 


Predicted Cable Elevations and Tower Deflections for Maximum Dead-load 
Conditions from Field Observations. 


Cable Elevations 
Centre of a Centre of 
Philadelphia ‘ ts Camden Side 
Side Span. Main Span Span 

Theoretical elevations .... +219.80 feet +176.80feet | +219.80 feet 
: North cable 219.78 feet 176.93 feet 219.79 feet 

7 bse Ve mS‘ a vad “4 49.9, 2 7 
From observations South cable 219.80 feet 176.97 feet 219.80 feet 


Tower Deflections 


Philadelphia Tower Camden Tower 


Theoretical tower deflection = inches —5 inches 

Theoretical t leflect 5 I : I 

" , North column —4% inches —5 4 inches 

From observations( 6 h colun 43 inches 4 hemes 
South column —5)% inches —5 4 inches 


necessary they become in the planning and carrying out of erec- 

tion. Mathematical complications, myriads of figures, and days 

and months of wearisome labor were involved. Altogether they 

form only one phase of the bridge design. Other phases are 

equally essential to a strong and economic and esthetic bridge. 
APPENDIX. 

Fig. 2 is a representative set of computations for determining 
the tower motions and forces used in the stress analysis of the 
main towers. This is the trial and error method explained on 
page 716. It was checked for each case of loading by an inde- 
pendent method after the cable stress and deflection in the 
adjacent side span had been determined by the deflection theory. 
On the right of the computations there appear explanatory notes 
and formule. The entire work is complete in itself except for the 
determination of the truss stiffnesses. As explained in the notes 
this involved an application of the principle of virtual work to 
the trusses. The trusses, constant in depth, have a variable 
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moment of inertia because of the proportioning of the chords 
and diagonals for the varying stresses. Moreover, the splice and 
gusset material is heavy on account of the use of the high-strength 
nickel and silicon steels in the chords and diagonals, respectively, 
and the reversal of stress in the truss members. Therefore the 
problem was to determine the moment of inertia of an equivalent 
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truss or beam having the same length as the actual truss but a 
uniform moment of inertia such that the deflection of this hypo- 
thetical truss or beam would be the same as that of the actual 


° ep m Pul 
truss for any conveniently assumed uniform load. = 7; was 


figured with refinements for both the side- and the main-span 
trusses. In these computations there were included the effects 
of shear deformation and the stiffening effect of the splices and 
gusset plates. In order to compare and simulate actual loading 
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conditions, figures of stiffness were made for the following 
conditions of loading on the main span: (1) Uniform load over 
the entire span, deflection at mid-span; (2) uniform load over 
one-half the span—deflection at the one-quarter point; (3) uni- 
formly varying load, from zero at mid-span to a maximum at the 
ends of the span—deflection at mid-span; (4) two equal moments 
applied at each end of the span—deflection at mid-span. The 
results showed the following equivalent moments of inertia: 

Case 84,900 in.” — ft.’ 

Case 83,500 in.’ - ft. 

Case . .. 43,900. in.’ — ft.’ 

Case 79,900 in.” — ft.° 

The value 84,400 in.*—ft.2 was used in all final stress 
calculations. 

The side-span truss stiffness was computed on the basis of a 
uniform load over the entire span—deflection at mid-span. This 
gave an equivalent moment of inertia of 112,500 in.” — ft.? which 
was used in all final computations of stresses. 

Fig. 3 shows the computed theoretical tower and cable deflec- 
tions as the uniform load on the bridge increases from the time 
when one wire is stretched to the time when the full congested live 
load is reached. Below maximum dead load these figures repre- 
sent in the main hypothetical conditions, and not conditions 
actually attendant upon field erection. They show the deflections 
which we would expect during construction were there no erection 
equipment such as foot-bridges, storm cables, and guy-ropes, etc., 
up at the time. They are therefore generally of academic interest 
only, but they tell us some interesting things and enable us to 
speak in generalities. For example, it shows us that when the cables 
were completed each tower would be deflected 12.6 inches shore- 
ward and that the main-span cable would be 7.3 feet and the side- 
span cable 3.6 feet above its final maximum dead-load position, 
if there were no foot-bridges or other cable erection equipment 
up at that time. Following up the diagram with the increase in 
load until we reach the point when the steelwork was erected 
complete, we see the changes that occur during the different 
stages in erection of the stiffening trusses. Because of variations 
made in the loadings accompanying the several passes of the 
traveller in erecting the trusses, the deflections shown on the dia- 
gram only roughly approximate those attained in the field. 


ee a ee et 


i 
a 
: 
4 
‘ 
M 


734 G. M. Rapp. [J. F.] 


As we scan the chart and proceed upward from the suspended 
steelwork complete stage to the condition of maximum dead load, 
we note several things: That the side-span cable has stiffened 
perceptibly and that from now on a uniform increase of load over 
the entire bridge affects the deflection of these spans but very 
little; and that at maximum dead load the cable deflections ar 
zero in both spans and that each tower is deflected five inches 
shoreward. It will be recalled that this condition of maximum 
dead load is our reference condition, and these deflections arx 
therefore those fixed at the outset of design. For economy i: 
combined stress distribution the towers were designed to | 


C 


deflected five inches shoreward for maximum dead-load con 


ditions. The double line for all deflections during this period 
represents the effect of the trusses in dampening cable deflections 
Until the truss members are riveted, or at least well pinned, and 
until the end reaction pins are placed there can be no load taken 
by the trusses and they cannot therefore affect the cable deflections 
by virtue of their stiffness. In the field the process of riveting 
the trusses and the time at which the reaction pins were placed 
did not correspond to conditions represented by either of these 
double lines, for one line assumes that the trusses were completely 
riveted and that the pins were placed just when the erection of the 
steelwork was completed, while the other line assumed that these 
two operations were not performed until the maximum dead load 
was all placed. The actual field operations were performed over 
a period of time between these two limits of loading. 

Above maximum dead load the diagram gives us the true 
expected deflections for conditions of full live load. As noted, 
all deflections are for normal temperature. 

Fig. 4 is that of the load-closure curves referred to on page 
729. These curves are plotted with intensity of dead load on the 
main span along the horizontal axis and intensity of dead load 
on the side spans along the vertical axis. Four curves are 
shown—two for the main span closed at highest and normal tem- 
perature, respectively, and two for the side spans closed at highest 
and normal temperatures, respectivély. When any span is in its 
maximum dead-load position, that is, when the trusses are not 
deflected from their no-stress position, that span is said to be 
closed. During the riveting of the trusses and the pouring of 
the slab the temperature was well above the normal of 55° F., and 
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therefore no curve for lowest temperature appears. Although the 
erection loads, that is, the slab sections as they were poured, 
were not strictly uniform loads over the entire span, they were 
generally fairly well distributed and consequently the assumption 
of uniform load distribution was made. It was anticipated in 
making these curves that the main span would be closed first and 
that all of the end reaction pins would be placed before the side 
spans would be closed. This was considered necessary because 
even when the slab in the main span was completed, and with the 
highest temperature, and with no slab in the side spans, the main- 
span cable could not be brought down to its maximum dead-load 
position while the trusses in the side spans were acting to hold it 
back. On the other hand, the side-span cables could be easily 
brought down to their dead-load position while there was truss 
action in the main span. 


CONSTRUCTION OF THE CABLES OF THE 
DELAWARE RIVER BRIDGE.* 
BY 
H. D. ROBINSON. 


Consulting Engineer, Delaware River Bridge Joint Commission. 


INTRODUCTION. 

THE subject of this paper, which I have the honor of pre- 
senting to-night, is the construction of the two main supporting 
cables of the Delaware River Bridge now nearing completion. To 
many of my hearers the subject is probably clouded with mystery 
and, to a degree, awe-inspiring; while to many here it is already 
familiar; so that my task is somewhat complicated—to try to 
make clear to the former the operations that were necessary in 
suspending the 6500 tons, or 25,000 miles, of wire in their places 
in the 30-inch-diameter cables of this wonderful bridge, and to 
keep the interest of the other members of this distinguished 
audience and perhaps clarify some unfamiliar points of the work. 


HISTORICAL REVIEW OF CABLE CONSTRUCTION METHODS. 
There are three different methods of building suspension- 

bridge cables composed of high-tension steel wire, as follows : 
First, the construction of cables composed of numerous wire 


* Presented at a joint meeting. of The Franklin Institute and the Philadel- 
phia Section, American Society of Civil Engineers, held Thursday, March 4, 
1926. 
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ropes or wire-rope strands, laid parallel with one another, a 
bound or clamped together into a group forming a cable. 

Second, the construction of cables made of parallel wires |a 
straight, side by side, by first laying the wires in groups of a giv: 
number of wires each, banded together into a solid cylindrica! 
member known as a strand, along the shore or some other co 
venient place and then hoisting these strands to their correct pla 
in the cables. 

Third, the construction of cables made of parallel wires, 
the “ spinning-in-the-air process,” the process whereby the wit 
are laid in the cables in their final position in the completed bridg 


_so to speak. This is the method on which I have been assign: 


to speak and which was used in the construction of the Delawai 
River Bridge cables and in all important suspension-bridge cables 
composed of wires laid straight and parallel since the adoption 
this method by its inventor, the late distinguished engineer, Joly 
A. Roebling. This method was used by him for the first tim 
so far as the speaker knows, on the construction of the four te: 
inch-diameter cables of the Niagara Railway Suspension Bridg 
over the Niagara Gorge at what is still known as Suspensi 
Bridge, N. Y., about half a mile above the whirlpool rapids 
The construction of this combined highway and railway inte: 
national bridge connecting the New York Central and the Great 
Western Railway of Canada, afterward known as the Gra 
Trunk Railway, was commenced in 1850 and completed in 1854 
It is the writer’s understanding that the first physical connectio: 
across the gorge was made by Mr. Roebling by means of a kit 
flown from one side to the other; this is only mentioned as 
matter of interest to those knowing the turbulent and impassab! 
nature of the Niagara River waters at this point and to illus 
trate the resourcefulness often required of engineers to ove! 
come difficulties. 

Before returning to the strict subject of this paper, it ma 
be of interest to note that there had been built at this time or 
longer-span bridge with parallel wire cables, the Ellet suspensio: 
bridge at Wheeling, W. Va., built- by Colonel Ellet in 1848, th 
main cables of which are still in use and carrying a large traff 
of motor vehicles, exclusive of heavy motor trucks. The cables 
of this bridge were each built of three strands laid up on shor 
and then hauled into their final position in the bridge, as previous!) 
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mentioned as the second method of constructing wire cables. This 
method has been employed since on all wire-cable suspension 
bridges over the Ohio River, except the Cincinnati-Covington 
Suspension Bridge completed by John A. Roebling in 1867, fol- 
lowing the construction of the Niagara Railway Suspension Bridge 
‘* spinning-in-the-air ’’ method. 


and on which he again used the 
spinning-in-the-air ” cable construction 


The method of the 
has been gradually developed into greater speed of construction 
since the construction of Brooklyn Bridge to the present time, 
despite the fact that but a comparatively small number of long- 
span suspension bridges have been built. This has been due 
mainly to improvements in the type of foot-walks or temporary 
suspension bridges, improvements in machinery, the introduction 
of electric motor-power, and the improvement in tools of con- 
struction. To illustrate and make clear what this development 
amounts to, the speaker will now proceed to the description of the 
work on the Delaware River Bridge cable construction. 


OUTLINE OF THE PROBLEM. 


Starting with the specifications and plans for cable construc- 
tion as issued by the Commission Engineers, the problem laid 
before the constructor was the completion in place of two main 
bridge cables, each composed of 18,666 No. 6 galvanized steel 
wires, divided into sixty-one strands of 306 wires each, and hav- 
ing a total length of approximately 3548 feet between their end- 
connections to the anchor-chain bars in the masonry anchorages 
in Philadelphia and Camden. The elevation of mid-span sags 
for both the main- and side-span portions of the unloaded cables 
had been prescribed by the Engineers, also the positions of the 
tops of the two main towers under the weight and balance of 
cables by which the elastic towers were bent shoreward. With 
this information and the known desired elevations of the cables 
at mid-spans when the total assumed dead load of superstructure 
should be placed with tower tops at a certain desired bent position, 
and other information in regard to elevation and position of end- 
connecting anchor chains and inclined bents,supporting cables 
where they bend downward at face of anchorages, the constructor 
had to start his work. 

First, he had to compute the lengths of the cables in their 
final position with all dead load of structure in place, then compute 
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the amount of elongation of the cables due to all the suspend 
dead load and obtain the unloaded length and sag elevations oi : 
cables for the assumed normal temperature. Up to this point 
had been dealing with parabolic curves as the Commission En¢ 
neers had decided to assume the entire dead load as evenly) 
tributed per horizontal foot of span instead of a variable loa 
Now his problem involved the more complicated mathemati 
catenary curve requiring much more arduous work, and its | 


Fic. 1. 


Foot-bridges—Looking east on foot-walk from middle of centre spar 


application was in the determination of the amount of unbalai 
of cable forces exerted at tower tops in the supporting saddl 
from the unloaded cable in place and of span lengths alrea 


determined, assuming the towers in their unrestrained vei 


tical position. 
BALANCING OF THE STRANDS. 

As it was the wish of Mr. Ralph Modjeski, Chief Engineer | 
the Board of Engineers, to let the strands of cable produce t! 
resultant bending of main towers shoreward due to the inequalit 
of horizontal forces as the strands were laid in the saddles, eve: 
possible way was considered and investigated for accomplishi: 
the desired end. The unbalanced forces between land- and mai: 
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span cables at the main-tower saddles were not so great but that 
the frictional resistance in the saddles would hold the individual 
strands, but there were other very important details of the con- 
struction to be considered, viz., the strands of the cables during 
their spinning. 

It has been the custom on all recent suspension-bridge wire- 
cable constructions, and it is desirable, to have the temporary 
foot-bridges laid parallel to and just below the main cables with 


FiG. 2. 


Camden—General view of bridge looking northwest from Delaware Avenue. 


sufficient clearance for the operation of the cable-squeezers and 


wrapping-machines. This was the plan adopted at Delaware 


River. But the strands being constructed alongside the main 
cables are supported in sheaves over the main-tower and anchor- 
bent saddles, which sheaves are free to turn on their trunnions, 
thus allowing the strands to hang in their balanced position with 
equal catenary parameters in the spans corresponding to equality 
of strand stress and consequent balance in supporting sheaves at 
main saddles. This balanced position of strands decreased the sag 
so much in the main span and increased it so in the land spans for 
every possible position of supporting sheaves and position of 
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strand-shoe on the “ leg” at anchorages that it was found imp 
sible to rely upon the individual strands to bend the towers: 
use of “ pull-back”’ ropes was therefore recommended and 
approval of their use was given by the Board of Engineers. 
was determined by computation that the tower tops would requi: 
to be bent shoreward at least eleven inches when the temporar 
foot-bridges were completed with storm cables, etc., in pla 
before stringing of strands could proceed. This was bare! 


Fic. 3. 


Foot-bridges—Side span looking east from tower B. 


enough, it was found, to hold the strands clear of the foot-wal 
in the land spans and not have the strands at too great heig! 
above the foot-walks in the main span, as is well illustrated 

Fig. 1 for the main span and Figs. 2 and 3 for the land spans 


THE TEMPORARY FOOT-BRIDGES. 

The temporary foot-bridges for this work were similar 
those used in the construction of -the Manhattan and the Bea: 
Mountain Bridge cables, and consisted of a timber walk ro feet 
wide supported by two cables for each walk, each cable compos: 
of three 2'4-inch-diameter galvanized steel ropes which wet 
later to be used as suspenders for the main bridge superstructur: 
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The timber walk consisted of 8-inch x 12-inch « 16-foot Oregon 
fir floor-beams, spaced the same horizontal distance centre to cen- 
tre as the panel lengths of main structure. Upon these floor-beams 
were laid four lines of 3-inch x 10-inch Oregon fir longitu- 
dinal stringers. The flooring consisted of 6-inch x 1%-inch x 10- 
foot planking laid with clear spaces of 114 inches between planks. 
The speaker originally planned to provide seven transverse cross- 
bridges or walks connecting the two main foot-walks in the main 
span and three in each land span with diagonal 7%-inch-diameter 
rope-tie lateral bracing between. A question as to sufficient lateral 
rigidity being raised, and knowing too well how impossible it is 
to make an inflexible foot-walk, he decided to leave out four of 
the main-span cross-walks and two of the cross-walks in each side 
span, and to dispense with the inefficient diagonal rope bracing 
entirely. The resulting walks proved very satisfactory for the 
work for which they were to serve and sufficiently rigid for all 
purposes, except possibly to convey across an occasional curious 
but nervous visitor. 


STORM CABLES. 


To check the vertical oscillations of the foot-walks, an inverted 
parabolic wind cable, consisting of a single 21%4-inch-diameter 
galvanized steel wire rope, was stretched under each main foot- 
walk cable in both main- and land-span cables and connected to 
the foot-walk cable at intervals of about too feet, or five panels 
of foot-walk, by 34-inch-diameter vertical rope suspenders. These 
foot-bridge storm cables were connected to temporary fastenings 
near the base of the main-tower columns and to the main 
stiffening-truss rocker-arm pin-connection on the inclined cable 
bents at the anchorages. These storm cables were provided with 
adjustable end-connections and were stretched up to a panel sag 
giving an initial stress of approximately 10,000 pounds in the rope. 


OTHER PROVISIONS FOR THE CABLE SPINNING. 


Five timber gallows-frames on each foot-walk of the main 
span and two in each land span were erected for supporting the 
travelling rope supporting sheaves, dividing the rope spans into 
approximately 250-foot lengths. This distance has been found 
by experience to be about the maximum efficient span. On the top 
of each main tower were placed two ten-ton stiff-leg derricks, one 
to command each main-cable saddle, and a suitable and safe steel- 

Vor. 201, No. 1206—53 


742 H. D. Rosinson. J 


floor working platform. ‘The cast-iron saddles provided by 1 
cable constructor were supported on temporary steel brack 
attached to the main-tower columns on the outside and to the t 
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Cable bent—Saddles for foot-bridge ropes, Camden. 


transverse portal bracing on the inside. At the inclined cable be: 

on the anchorages, the foot-walk cable saddles were also support 
on steel bracket-framing attached to both the inside and outsid 
faces of the columns of these bents, as shown in Fig. 4. Thes 
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brackets also supported the steel gallows-frames at both the main 
towers and inclined cable bents as illustrated in Fig. 5. These 
steel gallows-frames carried the supporting sheaves for the wire- 
spinning hauling ropes, also the carriages supporting the hydraulic 


pulling-jacks used in lifting strands from the supporting sheaves 


after their stringing was completed and placing them in their 
places in the main-cable saddles. One 10-ton stiff-leg derrick was 
erected on each anchorage at the rear to reach the end of each 
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Foot-bridges— Looking northeast from Front and Race Streets. 


main-cable anchor chain. Reel-stands, each to accommodate three 
reels of approximately 80,000 feet of main-cable wire, were placed 
along each side of each anchor chain at the rear of the anchorages, 
and timber working platforms were erected on the anchorages 
at the level of the end of the chains over a large area of the anchor- 
age on each side. Inclined steel bents about 70 feet high were 
placed under each main cable approximately normal to its direc- 
tion from the saddles on the inclined bents to the ends of the 
anchor chains, to support the strands of the cables during con- 
struction in their final position at the point where they begin to 
splay out to their attachments to the anchor chains. 
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THE DRIVING MACHINERY. 

The machinery for operating the wire-spinning was located 0; 
the Philadelphia anchorage and consisted of a heavy-duty, mil! 
type, 50-h.p., back-geared motor directly connected to mitre gea: 
on a vertical shaft which carried the main hauling-rope tractio: 
wheel, 6 feet in diameter. This machinery with the necessary, 
idler and deflection sheaves was located on the centre line of eac! 
main cable at the rear of the anchorage. An endless loop o! 
¥%-inch plow-steel hauling rope for the cable-spinning work was 
attached to this driving machinery in the usual way and extended 
along the spans from anchorage to anchorage over the centre lin 


‘of each cable. At the Camden anchorage the loop or endless-rope 


passed around an idler sheave attached to a timber frame anchored 
to masonry which had provision for taking up a considerable 
amount of slack as the hauling ropes stretched out in use. 


CONSTRUCTION OF THE FOOT-BRIDGES. 


The construction of the foot-bridges was done in the custo 
mary way with some exceptions. The tower and anchorage der 
ricks were set in place as soon as the main tower and the anchorag« 
construction was in readiness, and the timber working platforms 
on the anchorages, the steel working platforms on the tops of the 
towers, and the steel bracket-framing to support the foot-bridge 
cable saddles at the main towers and inclined cable bents, were 
erected. An elevator was installed at each tower, providing for 
the conveyance of a limited number of men between base and to, 
of tower. At the same time this work was under way, the tim 
ber for foot-walks, cross-bridges, hauling-rope-sheave gallows 
frames, reel-stands, etc., were being framed. The foot-walk was 
assembled in complete panel lengths, marked and stored in regula: 
order of erection to be ready to place upon completion of the 
foot-bridge cables. 


ERECTING THE FOOT-BRIDGE CABLES. 


The 2%-inch-diameter foot-bridge cable ropes, each about 
3590 feet long, were delivered on reels ready to be mounted in the 
reel-stands on the flat boat or scow used for their transportation 
across the Delaware River. The scow containing three reels of 
rope, mounted on trunnions in the reel-stands, was moored at the 
river side of the Philadelphia main tower; the ends of the ropes 
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were unreeled and pulled back to the Philadelphia anchorage, 
clear of the heavy traffic of Delaware Avenue, and the adjustable 
socketed end-connections were permanently secured to the foot- 
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Philadelphia tower. Hoisting first rope for foot-! 


bridge-cable anchor-bars previously provided in the main- 


anchorage contract. This scow’ was then towed across the river 


sidewise and, as the scow proceeded, the ropes were allowed to pay 
off the reels and sink to the bottom of the river. The scow was 
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then moored at the base of the Camden main tower, and tl 

remaining rope on each reel was unreeled and laid in a long loo; 
on the deck. The other ends of the ropes were then taken, one ai 
a time, back to the Camden anchorage and a temporary end 
connection made at the corresponding foot-bridge-cable ancho: 
chain there. The bight of these ropes lying over the main-towe: 
masonry on the outside of the tower base on each side of the rive: 
was then placed in a suitable sheave connected to the fall-lines o| 
the main-tower derricks. At a convenient time, with the rive: 
patrolled and kept free of traffic at the bridge site, the ropes wer 
lifted out of the water, one at a time, by means of the towe: 


‘derricks, and the bights placed in the foot-bridge saddles on the 


main towers as shown in Fig. 6. This method was first employed 
by the speaker in placing the cable-rope strands of a small 400 
foot span suspension bridge over Grasse River at Massena Center 
N. Y., in 1910, where the power used was furnished by a tean 
of horses; there the bight of rope was placed in the saddle on on 
side of the river and then, ferrying across, the bight of rope-strand 
was placed in the saddle on the other side of the river, this opera 
tion being repeated until all seven of the strands of each of the 
two cables were in place. It was so easy and successful there 
that the same method was employed at the Bear Mountain-Hudsor 
River Bridge in the early summer of 1924, and later at the Dela 
ware River Bridge, but steam horse-power was substituted for 
the animal horse-power first employed. 

On the Williamsburgh and Manhattan bridges the same gen 
eral method of getting the foot-bridge cables across had bee: 
employed, but the ends of the ropes were unreeled and taken 
directly over the tops of the towers and back to the anchorage 
fastenings on the Manhattan side of the river and, after towing 
across and sinking the ropes to the bottom of the river, th 
remainder was unreeled and laid in long loops on the deck of th« 
scow and the ends were taken over sheaves on top of the Brooklyn 
tower. Hauling tackle was then connected to the ends of the 
ropes, one at a time, and they were pulled back to the anchorage 
connection by means of steam hoists on the Brooklyn anchorage 
It was only a matter of five or six minutes after starting the 
engine when the ropes would be swinging in their approximate 
final position. 
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ADJUSTING THE FOOT-BRIDGE CABLES. 


As soon as the first 24-inch rope was suspended in place 
over the Delaware River, its sag was measured in the main and 
side spans by level and transit and the length computed. This 
was repeated for one rope of each of the four foot-bridge cables. 
The lengths of these ropes were computed from the sag data 
obtained and then instructions were given, to the superintendent 
in charge of the work, for cutting off and socketing the ropes 
to the computed unloaded length required for the foot-bridge 
cables. The two remaining ropes forming each of the four foot- 
bridge cables were then hung to the same sag as the one already 
in place, and cut off and socketed. The ropes were then moved 
through their saddle bearings on the main towers until they were 
hanging at their theoretical unloaded mid-span sag in main and 
side spans, and U-clamps placed around each cable at the river 
face of the main-tower foot-bridge cable saddles to prevent pos- 
sible slipping of the cables into the land span due to a consider- 
able unbalance of rope-pull or, technically speaking, a difference 
in catenary parameters. 


ADJUSTING THE “ PULL-BACK” ROPES. 


The four 2%-inch-diameter pull-back ropes from the main- 
tower tops to the anchorage on each side of the river, previously 
mentioned, were then cut to their computed unloaded lengths, 
socketed and put in place. Some ingenuity had to be exercised 
in placing these ropes, due to the stretch cut out of their final 
length, amounting to nearly five feet. The ropes already attached 
to the temporary hitches on the top transverse portals of towers 
were pulled back, one at a time, by a double set of three-sheave 
block tackle until the ends could be caught by two of the 40-ton 
pulling-jacks to be used later in the construction of the main 
cables. In order to get lead enough for the hydraulic jacks to 
work, a length of double extra-heavy hydraulic pipe and a heavy 
square plate washer at its outer end were put on the end of 
the rope before socketing, as illustrated in Fig. 7. The inner 
end of the hydraulic pipe bore against the face of the rope 
socket. A yoke composed of two channel-beams straddled the 
rope and bore against the washer on the end of the pipe. The 
two 40-ton pulling-jacks had their plunger ends attached by 
pins to this yoke and the cylinder ends of the jacks were pin- 
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connected to similar yokes straddling the eye-bolts attaching t! 

rope socket to the cast-steel bases of the inclined cable bents, th 
latter yokes being in bearing against extra nuts on the threaded 
shank of eye-bolts as near the base of the column as possibl 


Fic. 7. 


Hydraulic tackle for adjusting ‘“‘pull-back”’ ropes. 


It was then an easy matter to put thé final strain of approximate) 
132,000 pounds on the rope and, when all four ropes were 
connected and stretched up to the same sag, to have the tower 
top bent shoreward to the desired deflection of 11 inches from 
plumb position. 
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ERECTING THE FOOT-BRIDGES, STORM CABLES, CROSS-BRIDGES, 
AND GALLOWS-FRAMES. 


The work of laying the timber walks then proceeded in the 
main span from the tops of the towers towards the middle and, 
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Foot-bridges—Philadelphia side, looking east from beside anchorage. 


in the land spans, from the tops of the towers towards the anchor- 
ages, as shown in Fig. 8. The panels of foot-walk already assem- 
bled with one floor-beam attached to each panel were then hoisted 
from the base of the tower to the top and placed on the foot-walk 
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in their order. Each panel beyond the first one placed was lande 
on top of the walk and skidded along same to its place until the 
walk was completed, a matter of about five and one-half days 
The storm cables for the main and side spans were hoisted to th 
tops of the main towers, already cut to computed length a: 

socketed. They were then laid along the foot-walks, one on ea: 

side; the points for attachment of suspenders were located |) 
measurement and the suspenders attached to them. The othe: 
end of each suspender measured to figured length was laid ove: 
the side of the walk and attached to its point of suspension fron 
the foot-walk cable. After the completion of this work, the 


‘ 24%-inch-diameter storm-cable ropes were lowered over the sides 


of the foot-bridge and their ends pulled out to the connections 
at the base of the tower and on the inclined bents at anchorages 
They were then adjusted to the desired initial stress of about 
10,000 pounds each. The three main-span cross-bridges, already 
assembled complete on a barge, were then hoisted to their respec 
tive places and attached to the underside of the foot-walks. Th: 
side-span cross-bridges were placed in a similar manner, but the 
work was more difficult to accomplish on account of the trouble 
in getting them past the “ pull-back ” guy-ropes already in place 
The gallows-frames for supporting the travelling-sheave hauling 
ropes were then set up on the foot-walks, the 34-inch-diamete: 
hauling ropes were stretched in place over the spans, and all th 
small details in connection with the stringing machinery, t 
numerous to mention, were completed. 


PLACING THE GUIDE-WIRES. 


The next operation, one requiring careful computation and 
accurate work in the field, was the laying of guide-wires across 
the spans and their correct length determination. The guide-wires 
are made of the same size wire as the main-cable wire ; as a matte! 
of fact, the wire was taken from one or more of the reels 0! 
wire already placed on the anchorages. The end of a wire was 
pulled off the reel, the bight was thrown over the travelling sheav: 
to be used in cable spinning and the sheave was run across th 
river, thus laying along the foot-walk two wires from which two 
guide-wires were made. As four strands of a cable were to be 
constructed at a time on each cable, four guide-wires were 
required for each of the two main cables under construction 
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Whether this was done or not the speaker does not recall, but 
all four guide-wires for one cable could have been laid at one 
passage of the travelling sheaves across the span, two wires being 


hauled from the Camden side and two from the Philadelphia side. 


ADJUSTING THE GUIDE-WIRES. 


Preliminary to the description of the adjustment of the guide- 
wires, it will be well to explain their function. The guide-wires 
may be described as measuring rods or means used for getting 
the approximate lengths of the various strands of the cable at 
the beginning of their spinning. The final lengths of the strands 
are determined by their position in the cable saddles and on the 
anchor-chain connections at the ends, and by their accurately 
measured theoretical sags in the spans. 

One guide-wire for each cable was laid in the strand-groove 
of the main tower and inclined anchorage-bent saddles, and its end 
was attached to the pin of the pair of eye-bars of the anchor chain 
at each anchorage for the selected one of the five bottom strands 
of the main cable it was intended to measure. It was then 
stretched up to a predetermined sag in the main span; the meas- 
urement of this sag was made by an engineers’ level set at a 
convenient elevation in the Philadelphia tower to observe the 
target on an inverted level rod projected down through the foot- 
walk at the middle of the span. A graphical diagram of elevations 
of the centre line of the unloaded main cable at mid-span had been 
made from the computed elevations for various temperatures and 
bent positions of the tower tops. From this diagram, and with 
a standardized thermometer hanging nearby, and with the posi- 
tions of the tower tops known from observations of plumb lines 
hanging inside of the tower columns, the engineers set the first 
guide-wire to its correct theoretical sag in the main span. A point 
on this guide-wire was marked on it and in the saddle-groove for 
observation, and the guide-wire was clamped at both ends of the 
saddle to prevent its slipping either way in the saddle. The guide- 
wire sag was determined in a similar manner in each land span, 
but the work was a little more complicated as the middle-point of 
span where the sag was to be measured had to be determined 
by use of an engineers’ transit set on a transverse station point 
at some distance laterally from the axis of the bridge. On the 
Philadelphia side the point was on the roof of a pier shed some 
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distance north of the bridge. On the Camden side the stat 
point had been established on a dock some distance south of th 
bridge. The sag elevation was read from an inverted level r 
extended below the foot-walk floor by an engineers’ level in th 
Philadelphia tower for that side span, and in the Camden towe: 
for the Camden side span. A graphical diagram for the land 
span cable sags similar to the main-span diagram was used with 
temperature and tower deflection observations considered 
before. Thus the total length of the first guide-wire for eac! 
north and south main cable was determined and permanent! 
marked on the wire. The three remaining guide-wires to be us: 


"in the construction of the strands were then laid one by one along 


side of the guide-wire already hanging in its place and set at th 

same sag, and were thus measured in length between certain fix: 

points. A table of centre-line lengths of all of the sixty-on 
strands of each cable had been computed and checked so that now 
all that was necessary to change the guide-wire from one strand 
length to any other was to add or subtract its difference at eac! 
end where adjustment had been provided by means of a turi 

buckle for the purpose. 


STRAND-SHOES AND STRAND-LEGS. 


Coming now to the actual cable-spinning operations, a brie! 
description of the principal tools and appliances used in the wor! 
will be made as their introduction is mentioned herein. The 
strand-shoe around which the wires of a cable strand are laid 
each anchor-chain connection has the approximate outline of a 
horse-shoe, hence the name. It is a steel casting having a groovy 
of sufficient cross-sectional area to accommodate one-half th 
number of wires of the strand: In the case of the Delaware Rive: 
Bridge cables, 153 No. 6 wires. The strand-shoe has an elongated 
pin-hole, to allow for the adjustment at each end necessary 
obtaining the correct length of strand when regulated to its final 
position in the cable. In the case of the Delaware River Bridg 
about 934-inch adjustment was provided at each shoe. The elo! 
gated pin-holes have a flat milled bearing at their back or ancho1 
age end, and a bearing pin-block is provided with one face milled 
to the radius of the pin and the other face milled flat for bearing 
against the steel adjusting shim plates inserted between it and th 
flat bearing face of the shoe. During the stringing of the strand 
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the shoe has its pin-axis turned through an angle of go degrees to 
a vertical position and what is termed the “ strand-leg ” supports 
it on the pin in the ends of the two eye-bars that finally connect 
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Cable strand on shoe at eye-bars. 


it permanently to the anchor chain. The strand-leg serves two 
major purposes: To hold the shoe in a position so that the bights 
or loop of wire can be laid around it during the spinning, and to 
provide a location of the end of the strand in relation to the end- 
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pin of the anchor-bars such that a degree of control of sag eleva 
tion of the strand in the three spans can be obtained. In 
Delaware River Bridge cable work, this location was approx 
mately vertically above the eye-bar pin-centre as shown in Fig. y 
The strand-leg is a steel casting with a vertical web provided wit! 
a half-pin-hole to engage the end-pin of the anchor chain an 
projecting below the eye-bars just back of their heads far enoug! 
to have a slotted hole for the insertion of a steel key or bar of ste: 
to take up the reaction of the completed strand pulling on 
anchoring post or boss against which the shoe rests. This slott: 
hole is long enough to allow for all adjustments for alignment . 
strands from the shoe to the first supporting strand sheave at t! 
main-cable saddle on top of the inclined cable bent at the front 01 
the anchorage. The strand-leg has a horizontal platen on whic! 
the shoe lies during the spinning of the strand, and the strani 
shoe is held against any possible kicking off the mooring post }) 
a pin or bolt through the post just above the strand-shoe, a 
illustrated in Fig. 9. 

STRINGING THE WIRES. 

At the commencement of stringing of a set of strands, th 
guide-wires are first adjusted to the centre-line length of thes 
strands by means of the turnbuckles provided at the ends, and a1 
hooked to the eye-bolts in the strand-legs already set in plac 
with the shoes attached. The guide-wires are then laid in th 
strand-supporting sheaves on the main-tower and inclined-bent 
main-cable saddles, and hang free in their balanced sags read 
to measure the first wires of the strands when laid in place. This 
is well illustrated in Fig. 10, where the shoes of two strands ar 
shown in place on the legs with the guide-wires attached, ani 
around the nearer one of these shoes is seen the bight of wir 
thrown preliminary to stringing. The end of this wire is mac 
fast at some convenient point a short distance away, probably in 
this case the temporary steel-bent supporting the cable strands 
at the splay point. Enough of the wire is then pulled off the ree! 
from which the strand-wire is being strung and the bight or loo; 
thus formed is thrown around the travelling sheave that is to hau! 
it to the opposite anchorage fastening. Simultaneously the same 
operation is being conducted on the opposite side of the river fo: 
the corresponding strand which is being spun (for the same cable ) 
by the travelling sheave attached to the other part of the travelling 
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rope and carrying a strand from a reel of wire on the other 
anchorage. As soon as the workmen adjusting the wires on the 
Camden anchorage were ready to start the stringing, the signal- 
bell button was pressed and, if all was ready at the Philadelphia 
anchorage, the motorman there started the hauling-rope sheaves 
across the span. As soon as the travelling sheave passed the sad- 
dle on the inclined bent, the standing or “‘ dead” wire of the 
bight being hauled across the river was guided by the workmen 
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Strand-shoes in place for spinning—with guide-wires. 


into the strand-supporting sheaves there, and the running wire 
was guided into small carrier sheaves that support the running 
wire in its passage across the span. These small sheaves were also 
located at intervals along the walks, in fact at every gallows-frame 
supporting the main travelling rope, and at these same points were 
also located suitable hooks to confine the standing or “ dead ’’ wire 
and prevent it from surging up and down to the discomfort and 
danger of workmen as the strain on the wire varied. When the 
travelling sheave passed the main tower, and the dead wire had 
been laid in the strand-supporting sheaves and the “ live” wire 
guided into the small wire-supporting sheaves, the regulation of 
side-span “ dead ’’ wire was begun. The wire-regulating crew on 
the main tower took hold of the wire with the “ come-alongs ’ 
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or wire clamps to which were attached small double-sheave tack 
blocks which gne man manipulated along the main-span wa 
pulling up or slacking the wire until it was adjusted to the sai 
sag as the guide-wire, as determined by the wire regulat 
stationed at midway of the side span. The wire was then secur: 
clamped to the guide-wire at the main tower and tied to it |) 
means of short twine lashings at intervals of fifty feet or so along 
the span. A pencil mark was also made across the guide-wi: 
and the wire just regulated at the saddle, to detect any possi} 
slipping of wire. The signal was then passed to the main towe: 
on the opposite side of the river that the “dead” or standing 
wire was then ready to be regulated in the main span and, as 
soon as the travelling sheave had passed that tower, the adjust 
ment of the main-span wire by the wire-regulating force on that 
tower was begun. The regulator at mid-span signalled to tl. 
men at the tower to raise or lower the wire, pulling in or slacking 
on the tackle attached by the *‘ come-alongs "’ to the “ dead ” wire 
until it was hanging parallel to, or with the same sag as, the guide 
wire in the main span. The “dead” wire was then clamped t 
the guide-wire at the tower and lashed to it throughout the spa 
at intervals of fifty feet or so by the twine mousings as previous!) 
mentioned. If the work progressed smoothly, by the time tli 
travelling sheave reached the anchorage and the bight of wit 
hauled across by it had been removed and thrown around the sho: 
with the “dead” wire on the same side of the shoe as at the 
opposite anchorage, the “dead” wire was ready for regulating 
in that land span. This was done as soon as a bight of wire f 
the adjacent strand being strung from the reel on that side o! 
the river had been thrown around the sheave and was started 01 
its way across the span again in the opposite direction. 

While the travelling sheave was going from that anchorag 
to the main tower, what had been the “ live ” or running wire + 
the other strand would be regulated in the land span and a signa 
passed to the opposite tower that the main-span “ live’ wire was 
ready for regulating. Then the same regulating force would 
begin the regulating of the “ dead” wire of the bight of wi: 
being hauled by the same sheave to the opposite side of the rive: 
As soon as the men on the opposite tower regulated the “ live 
wire of the first strand and signalled to the crew at the anchorag: 
that the land-span wire was ready for regulating, the tower cre 
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would begin the regulating of the ** dead” wire, in the main span, 
of the other strand being strung from the Camden anchorage, if 
the travelling sheave hauling the bight for that strand had passed 
the Philadelphia main tower. If there was no unusual delay, the 
regulating of the ‘ dead ’’ wire above-mentioned would be com- 
pleted by the time the travelling sheave had reached the Philadel- 
phia anchorage, the bight of wire removed from the sheave and 
laid around the shoe and another bight for the opposite strand 
placed on the sheave ready for another trip across the span. The 
“dead” wire would be regulated in this land span and, imme- 
diately afterward, signal would be passed to the main-tower crew 
to take up the regulating of the “ live” wire of this strand which 
had already been removed from the small running sheaves and 
placed in its proper position in the strand-supporting sheaves. 
Thus a round trip of one travelling sheave has been made, laying 
two wires in each of two strands on one side of the main cable; 
that is, it has strung two wires of one strand from a reel on the 
Philadelphia anchorage and returned with two wires from a reel 
on the Camden anchorage for the other strand on the same side of 
cable. At the same time, the travelling sheave on the opposite side 
of the cable, being operated by the other part of the travelling- 
rope loop, was similarly engaged on two more strands of the same 
cable. In this manner four strands of one cable were being spun 
at the same time. An entirely separate plant was performing the 
same operations on the other main cable, so that eight strands of 
the two main cables were being spun at the same time. This is 
clearly shown in Fig. 1, showing the first four strands of the 
south cable under construction. When a dozen wires had been 
regulated in place in a strand, the corresponding guide-wire was 
removed. This was speedily accomplished by lifting up the bight 
at each tower and laying the guide-wire along the outside of 
the walk. 
HANDLING THE COMPLETED STRANDS. 

As soon as all the 306 wires of each of the four strands of a 
main cable had been strung in place, or all of the wires of any 
one of these strands were in place, and the two ends of wire 
forming the completed loop or skein had been brought together 
under the initial load stress, cut to correct length and spliced, 
the work of squeezing up the strand by the strand-tongs, placing 
the flat-wire seizings, and getting everything in readiness to 
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remove the strand from the temporary supports and fastening: 
and lay it in place in the cable was begun. 

At the anchorage, 60-ton capacity hydraulic pulling-jacks we: 
attached to one of the strands, the anchorage-end being connect 
to a special hook engaging a pin of the anchor chain. The pistor 
end of the jack was attached to a wire-rope pennant which, 
turn, was pinned to what is termed a “ bridle.” The “ bridle 
is illustrated in Fig. 11 and is here shown in position on the e1 
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Philadelphia anchorage, north cable—Removing shoe from strand-leg. 


of the strand. It consists of two flat bars which rest against 
the square end-face of the strand-shoe and straddle the two part 
of the strand. These bars are bolted together with filler plat 
between them to serve as spacers and bearing for the strand-sh 
and, by means of turned pins at their ends, are connected to th 
square steel bridle-bars which engage the wire-rope pennant 
their lower end by means of a turned pin. When ready to releas 
the strand from its temporary anchorage on the strand-leg, th 
independent hand-pumps operating.the pulling-jacks were started 
As soon as the strand pressure was off the strand-leg, the latte: 
was removed from the anchor-chain pin and one of the eye-bar: 
was also slipped from this pin. The strand-shoe was then turne 
from the horizontal position it occupied during the stringing t 
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its final vertical position and placed on the pin with a predeter- 
mined thickness of shim plates between the pin-bearing block and 
the strand-shoe bearing. The eye-bar was then replaced on the 
pin and the pulling-jack strain released, leaving the strand-pull 
on the pin, but the “ bridle ’’ was not removed from the strand- 
shoe attachment at one anchorage until the adjustment of the 
strand was completed across the span working from that anchor- 
age as shown in Fig. 12. 

At each main tower and on the inclined cable bents at the 
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Philadelphia anchorage. View of north cable. 


anchorage, the same strand was connected to what is termed a 
“ balance-beam ”’ as illustrated in Fig. 13; this consisted of two 
channel-beams of suitable length and strength for the load to be 
lifted. These beams were riveted together with a space of 3% inch 
between the webs for the insertion of the lifting links which were 
connected to the “ balance-beam ”’ by pins through the webs. The 
“lifting links ” were of varying length to conform to the curve 
of the cable in the saddles and were attached to the strands by 
means of a loop of %-inch-diameter steel rope and clevises. It 
had been planned to use flat-wire seizings as had proven quite 
successful on the smaller strands of the Bear Mountain-Hudson 
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North cable at Camden bent—placing strand in saddle. 
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River Bridge, but the load proved too great and the adjustment 
to equal stress too difficult for their successful application. _Conse- 
quently, after several trials and failures to accomplish the work, 
they were abandoned in favor of the small rope lashings. Pre- 
vious to these two bridges, round-wire lashings had always been 
used for laying the strands in their places in the cable saddles and 
had always proved more or less a source of trouble on account 
of the difficulty of getting the wires removed from under the 
strands when resting in the saddles. With the strands contin- 
uously served with soft-annealed, very thin, flat-wire seizing 
between the temporary sheave bearings, instead of the hemp 
twine previously used for keeping the wires of strands in their 
true position, there was very little trouble to keep the strands 
in their circular form and lay them in.their true position in the 
hexagonal-cable saddle-groove as illustrated in Fig. 14. 


REGULATION OF THE STRANDS. 


As soon as the first strand had been attached to its pin at the 
anchor chain and had been lowered into its groove in the cable 
saddle at the inclined bent and the main tower, its regulation to 
true sag elevation in that land span was begun. The operation 
here was performed in precisely the same manner as had been 
employed for getting the guide-wire length as _ previously 
described, using the same graphs, engineers’ transit and level, and 
standardized thermometer. After the land-span segment had 
been regulated to the desired sag by the movement of the strand 
in the main-tower saddle towards the land or river by means of 
steamboat ratchets attached to the strand near the ends of the 
saddle, as or if found necessary, the main-span segment was regu- 
lated in the same manner to its proper sag, and the strand was 
marked at the tower saddles so as to check possible slipping 
through the saddles. Then the opposite land-span segment was 
regulated, thus completing the operation of setting the first strand 
of the cable, provided there was enough leeway remaining at that 
strand-shoe for the insertion of the necessary amount of shims to 
make the correct length of strand as determined by the sag meas- 
urements. If there did not happen to be sufficient leeway in the 
slotted strand-shoe pin-hole at that anchorage-end to adjust the 
strand to correct sag in that side span, the strand would have 
to be adjusted back to the other side of the river where there was 
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leeway for shimming to get the correct length. This will happe: 
at times in any cable construction, in spite of guide-wire measur 
ments of the strand at the beginning of stringing. The tenden 
is always for strands when completed to be a little longer tha: 
the guide-wire length to which they are initially set. 

After the completion of the first strand in place and th 
checking of sag elevations sufficiently to satisfy the engineers 0: 
its correctness, the instrument work was no longer required 
setting the remaining strands. All the strands lying in the sam: 
horizontal layer in the hexagonal-shaped strand-cable were se 
to same sag and the next layer above was set, strand by strand 


_so that they touched the strands below without bearing hard 


against them. If any one strand was too long, it immediate, 
showed in the work, by the spreading of the two adjacent strands 
below it. Frequently it became necessary to readjust strands 
after they had been satisfactorily set on account of misjudgin; 
the temperature of the strands before they were laid alongside 01 
those already in the cable. The only time a reliable survey oi 
position of the strands in the cable could be made was the ear!) 
morning after they had arrived at a uniform temperature befor: 
the sun had begun to warm up the more exposed strands, or dur 
ing a protracted period of cloudy weather. 

After about twenty of the strands of each cable had been 
completed and regulated in their place, they would spread out so 
in mid-spans on account of the sun’s rays heating the top strands 
and elongating them that they occupied too much area of the foot 
walks for the convenience of the workmen; therefore the superin 
tendent in charge of the work devised a timber yoke having the 
hexagonal form of the strands in the cable with strand-grooves 
cut in the three faces. These yokes were applied at intervals 
of about two hundred feet by means of wire ties across the toy 
over the strands already in place, and proved very effective it 
keeping the strands in their respective positions in the hexagona! 
section and in preventing further annoying spreading of th« 
strands during the sunny part of the day. These yokes wer 
extended after the strand construction had been completed to and 
including the middle row of nine strands, to form the inward 
sloping hexagonal sides above the middle of the cable. 

In the construction and laying of the sixty-one strands in place 
in each of the cables, very little difficulty was experienced beyond 
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minor defects in equipment that were easily overcome and which 
could have been almost completely avoided had there been a 
little more time for preliminary study before the equipment 
was ordered. 
THE SQUEEZING OF THE CABLE. 

Immediately upon the finishing of the spinning and regulating 
of all of the strands in a cable, the squeezing of the sixty-one 
strands into the final cylindrical 30-inch-diameter cable was begun. 


Fic. 15. 


Cable-squeezing frame—north cable—main span. 


Four hydraulic squeezers, as illustrated in Fig. 15, had been 
designed for this work. The squeezer consisted of a rigid frame 
of hexagonal form, composed of steel castings forming the six 
corners or angles to which the double-channel-iron hexagonal 
sides were bolted by suitable machine-turned bolts. These steel 
castings also formed the sockets into which were inserted the 
forged-steel cylinders of six hydraulic pushing-jacks, the plungers 
of which were 3% inches in diameter. These plungers in turn 
were attached to cast-steel segments having a face radius of about 
one-half the diameter of the finished cable, ztz., 1434 inches ; these 
segments were provided with one end forked and the other single- 
ended so as to form a continuous ring of steel around the cable 
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when opened up to a maximum diameter of about 35'% inc! 
before the application of the hydraulic pressure. Each squeeze: 
was operated by three independent hydraulic pumps, each pur 
being connected by copper tubing, T’s, and unions, to two of 
six hydraulic jacks. These squeezers were designed to exert 
pressure of 30 tons each, or a total pressure of 180 tons on t! 
cable, at a working pressure of about 6250 pounds per sq. in 
the pumps. It would have been better had the plungers be: 


Fic. 16. 


Erecting cable-band—Philadelphia side span—north cable, 


4 inches in diameter, requiring less elbow power on the pumps 
but, all said and done, they were very satisfactory in operati 
both as to speed and work done. It had been planned to us 
round-wire seizings for the final binding of the cables, as had b« 
the previous practice on smaller diameter cables; but the wit 
seizings composed of seven or eight turns of No. 10 galvaniz 
wire would pop off as fast as applied, and therefore galvaniz« 
steel wire rope 9/32-inch diameter was substituted and applied a 
intervals of about two feet throughout the length of each cabi 


PLACING THE CABLE BANDS. 

Upon completion of the squeezing, the cable-band positio: 
on the cables were located by careful steel-tape measurements 
along the cables, working from both towers and checking with the 
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computed length of the cable, also by transit check lines from one 
cable to the other at the middle of the river span. The cable bands 
were then applied in the usual way, working from main towers 
towards the middle of the main span and towards the anchorages 
in the land spans. The cable bands were hoisted to the tops of the 
towers by tower derricks, and were skidded along the walk on 
sleds made for the purpose, taking a half-band at a time, the 
heaviest of which weighed about 1700 pounds. The bands were 


rth cable at Philadelphia anch« 


placed on the cables by means of a gallows-frame, straddling the 


cable, from which were suspended two differential chain-hoists 
as shown in Fig. 16. The two half-bands were hoisted separately, 
and then brought together and enough bolts inserted to hold the 
band in place. Another crew of men followed along, inserting 
the remainder of the bolts, and a third crew followed, screwing up 
the bolts with socket-ratchet wrenches. By an examination of 
the photograph it will be observed that at the point where the half- 
bands are being hoisted, there are two seizings that are nearer 
together than the others. These seizings were exactly located so 
as to come under two grooves provided on the inner face of the 
cable bands to receive them, and their purpose was to hold the 
wires in place against possible dragging while placing the bands. 
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It is the speaker’s belief that their use here, and on the Bear Mou 
tain Bridge for the first time, was eminently satisfactory a: 
worth-while. (Fig. 17.) 


LASHING THE FOOT-WALKS TO THE CABLES. 


Upon the completion of the placing of the cable bands, th: 
work of lashing the foot-walks to the main cables was begun and 
continued to completion, and then the storm cables and pull-back 
guy-ropes were removed. These were all cut loose at their end 
fastenings, hoisted up and laid along the foot-walks, and late: 
dragged over the walks to the Camden land span, where they were 
lowered to the dock on the north side of the bridge, cut up into 


‘suspended lengths and socketed. The three cross-bridges of the 


main span and the two in each land-span foot-bridge were the: 
lowered to scows in the river and, in the case of the Philadelphia 
land span, upon the dock underneath the bridge, and dismantled 


REMOVING THE FOOT-BRIDGE ROPES. 


Now with the foot-walks suspended from the main cables, th: 
main foot-bridge cable-ropes were disconnected at the anchorage 
ends, and were hoisted upon the walks and lowered, one by one, 
to the Camden dock before-mentioned, where they were also meas 
ured and cut to lengths and socketed for suspenders. All the 
2%4-inch-diameter suspender rope used for the temporary works 
of the main-cable construction furnished about 61,000 lin. ft. o1 
finished suspenders for the main superstructure ; the remainder o! 
the approximately 105,000 lin. ft. required was cut from 44.000 
lin. ft. of new rope, ordered and furnished under contract No. 13 
of the Bridge Commission, which contract also included the main 
cable bands and fastenings and the two lines of 1-inch-diametet 
strand hand-rail ropes over each main cable with their connections 


MEASURING, CUTTING AND SOCKETING THE SUSPENDERS. 


The work of measuring, cutting and socketing of the suspen 
ders was done, as before mentioned, on the Camden dock where 
a straight and level runway, long enough to accommodate the 
longest loop of suspender, was constructed of timber planking 
At the shore end of this runway, a form was made to conform 
to the profile of the suspender groove around the main cabl 
bands and the drawing together of the two parts of the suspende: 
loop a fixed distance below the cable (from which point they hang 
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parallel to the connection on the vertical post of the truss). In 
measuring the suspenders, they were laid around this form, as 
shown in Fig. 18, stretched out along the runway in the two 
parallel lines, and put under sufficient strain to pull them straight, 
and then measured to their respective computed unloaded lengths. 
The ends were then seized in the usual way, and the ropes cut to 
the measured lengths by hydraulically operated shears. The 
button-end sockets are shown in place on ropes in Fig. 19. The 


Fic. 18. 


Templet for cutting suspenders. 


socketing was done in the usual way, except that, in place of wire 
seizings around the rope adjacent to the socket to prevent the 
unlaying or untwisting of the strands of the rope, two special 
rope-clamps, as shown in the photograph, were used. The wires 
of the strands were untwisted, separated and straightened, then 
wiped and cleaned of all grease possible by use of kerosene oil. 
The end of the rope, then looking like a stiff bristle broom, as 
illustrated in Fig. 19, was dipped in a mixture of equal parts of 
muriatic acid and water until all traces of grease and most of the 
galvanizing had been removed. Then it was dipped and washed 
in clean water and wiped dry before being placed in the timber 
clamps shown in Fig. 19. The wires were then bound compactly 
together at the end by a temporary wire seizing, and the cast-steel 
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button-end socket with conical opening or basket was placed | 
the rope, with the ends of the wires flush with the end of th 
socket when the wire seizing had been cut away and the wir 
spread out and evenly distributed to fill the “ basket’ opening 
Fire-clay or other suitable damming material was then appli 
around the rope at the small end of the socket, to prevent leaka; 
of the spelter, and the socket was poured full of melted zinc to 
finish projecting about 4% inch beyond its end, as shown in Fig. 1 


Fic. 19. 


Suspender ropes—socketing frame. 
PLACING THE SUSPENDERS. 

As the ropes were socketed, they were labelled with meta 
tags wired to them, indicating their position on the cables, a 
were then laid on the deck of a scow moored along the front end 
of the dock. The scow was then towed along under the spans 
and the suspenders were hoisted to their respective places by a 
single line leading from the top of the main tower through a gate 
block hanging from the cable band.. The free portion of this lin 
was clamped to the suspender rope a little beyond its middle point 
at the end next to the socket, and at an intermediate point, with 
hemp mousings at intervals of a few feet between the main clamps 
As the suspender rope was hoisted up and laid in the groove ove! 
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the cable band, the clamps and mousings were removed and the 
rope was allowed to fall down on the other side of the cable until 
its middle point was over the centre of the cable. The suspender 
clamps were then put on the loop of rope about four feet below 
the cable, completing the hanging of one pair of the suspenders. 
The short suspenders along the middle of the main span were 
handled two at a time, or all the four suspenders at a cable band 
were placed in one lift. 


PLACING THE HAND-RAIL ROPES. 


The four one-inch-diameter strand hand-rail ropes, previously 
cut and socketed to the computed lengths, were attached to their 
connections at the main-cable saddles on the inclined cable bents 
and on the main towers, adjusted to the desired sags in the three 
spans, and attached to the 34-inch-diameter rod-stays connecting 
them to the main cable bands. 


DISMANTLING THE FOOT-WALKS. 


As soon as the suspenders had all been placed on the main 
cables, the cables and suspenders painted, and the cable bands, 
hand-rail ropes, and attachments completed, the main foot-walks 
and all other temporary works were removed. The foot-walks 
were taken apart and, as far as possible, lowered to the deck of 
scows in the river. 


HANDLING THE WIRE AT THE BRIDGE SITE. 


One main point of difference in the operations on the Dela- 
ware River Bridge cable-work from recent previous cable con- 
struction was that of handling the main-cable wire. Instead of 
the wire being spliced at the place of manufacture before shipping 
to the bridge site on drums or reels, it was shipped from the 
manufacturer’s plant in the five-foot diameter coil lengths of 
approximately 3000 feet, and stored in the long dock-shed back 
of the Camden anchorage. In this shed were installed the neces- 
sary threading machines, swifts, reeling machines, oil-bath tanks, 
etc.; and the wire was there spliced, oiled, and placed on the 
80,000-foot capacity cable-spinning reels, as shown in Figs. 20 and 
21. For the strands of the main cable that were strung from the 
Camden side, these reels were delivered by small railway trucks 
to the anchorage, and hoisted to their places in the reel-stands 
by the derrick on the anchorage. The reels of wire for the 
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Wire reeling plant, Camden. 
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strands strung from the Philadelphia side were loaded on a motor 
truck, ferried across the river, and delivered in the reel-stands 
by the stiff-leg derrick on top of the Philadelphia anchorage. 
The appliances for splicing and reeling of the wire, designed 
and installed by the American Cable Company in a building on 
the Camden side of the river, were the most complete and efficient 
ever used on cable building, and reflect great credit to the designer. 
They never failed once to meet the demand for wire on the work. 


HANDLING OF THE FIELD ORGANIZATION. 


As the time was limited for the completion of the bridge 
cables, how best to accomplish the task was a question left to 
the constructor to solve. The plant was designed, in the light 
of previous experience, to produce economically the maximum 
output of wire in place in the cable, and the method of accom- 
plishment was left to the superintendent in charge of the work 
for the constructor. The superintendent chose to do the work 
with one twelve-hour shift per day, instead of two or more 
shifts of eight hours each. Flood-lights were provided for the 
early morning and late evening hours (6:00 A.M. to 6: 30 P.M.) 
and signal lights, telephones and signal bells were provided for 
use in signalling the wire-adjusting orders both during the hours 
of darkness and during foggy weather. The smoothness and 
calm with which the work proceeded after dark, and the general 
morale among the workmen during the severely cold weather with 
night work, proved the wisdom of the Superintendent of Con- 
struction. Although the hours were very long, most of the work 
was not too arduous for such hours and the workmen all seemed 
satisfied. It was a rather severe test of physical endurance and 
stamina at times when the weather became severe, but there was 
not a single desertion to the speaker’s knowledge, in spite of fre- 
quent frost-bitten fingers, etc.; the men were most loyal to 
the work. 

APPLICATION OF FLAT-WIRE SEIZINGS. 


Previous to the construction of the Bear Mountain-Hudson 
River Bridge and the Delaware River Bridge, all the principal 
parallel-wire-cable suspension bridges having more than seven 
strands per cable were built with what is termed a “ core-cable.”’ 
This was chiefly due to the fact that the strands of the cables had 
always been temporarily seized, or had their wires bound together 
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‘whether all the wire seizings had been removed from the 
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at intervals of a few feet, with a band of several turns of soi 
annealed steel or iron wire, the ends of which were twisted 
together. As it was necessary to cut apart and remove thes 
temporary seizings, the work became difficult to accomplish wit! 
many strands in the cable. Consequently, after the cables hai 
been spun beyond the seven central strands, the strands wer 
wedged apart by wooden wedges driven between them, all the 
strand seizings were removed from the seven central strands 
and these seven strands were squeezed into a solid cylindrica 
core-cable around which permanent wire seizings of a smal! 
gauge wire were put on at intervals of two feet or so. This 
work was always a source of delay, and it was always doubtiu 


individual strands before squeezing. With the number 0! 
strands increased to sixty-one in the Delaware River Bridg 
cables, while thirty-seven strands were the largest number use: 
in any previous cable construction, the problem became much mor 
complicated. The study of this problem led to the invention and 
adoption of the flat-wire seizing which is illustrated in Fig. 22 
These bands are made of flat or ribbon-wire, 3% inch wide and 
about 1/100 inch thick, having a sufficient breaking strength t 
perform the task of firmly binding the wires of strand together 
during the cable stringing and soft enough to readily stretch and 
bend or break while the cable is being squeezed into the final 
cylindrical cable-section. Preliminary tests of a sample seven 
strand cable with these seizings on the individual strands proved 
their efficacy and the use of the flat-wire seizings was written int 
the specifications for Delaware River Bridge cables. 

In the meantime the Bear Mountain-Hudson River Bridge 
construction was begun and the use of the flat-wire seizings o1 
the cable spinning was requested and adopted. Its successful 
application on that work with a 37-strand cable, where no squeez 
ing was done until all the strands were completed in place, gave 
pretty good assurance that it would be successful on thi 
61-strand cables. 

A TEST SECTION OF THE CABLE. 

The cable contract provided for the construction of a full-sized 
section of the cable to test the diameter for boring the cable bands 
and for other tests. This sample cable was made with the sixty 
one strands of 306 wires each, five feet long; each strand had 
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the theoretical number and spacing of wire splices and was seized 
with the flat-wire seizing. The strands were laid up in hexagonal 
yokes to conform to the position of the strands as laid in the 
cable when built. 

One of the hydraulic cable-squeezers designed for the work 
was then applied to the sample cable ; it was squeezed to the mini- 
mum diameter and seizings of small (9/32-inch diameter) wire 
rope applied. The cable band already bored to the computed 
diameter of 30 inches was then placed on the cable. From this 
test it was determined to bore all the cable bands for the cables 
to a finished diameter of 29-15/16 inches. 


TIME REQUIRED FOR CABLE CONSTRUCTION ON VARIOUS BRIDGES. 


A comparison of time in building the cables of various bridges 
beginning with the Brooklyn Bridge, and a brief outline of the 
principal factors entering into the cause of the great differences, 
may be of interest here. 


COMPARISONS IN TIME OF CONSTRUCTION OF CABLES. 


Comparative time-records for the cable construction on 
various large suspension bridges are as follows: 

Brooklyn Bridge: Four cables, 1534-inch diameter—5358 
wires, .187-inch diameter in each cable. Total, 3500 tons. Con- 
struction of the foot-walks—ten months from laying the first 
rope across the span to spinning the first wire. Spinning the 
cables—twenty-one months. Maximum tons of wire spun in a 
day—anineteen and one-half tons. 

Williamsburgh Bridge: Four cables, 1834-inch diameter— 
7696 No. 6 wires in each cable. Total, 4500 tons. Construction 
of the foot-walks—seven months. Spinning the cables—seven 
months. Maximum tons of wire spun in a day—seventy-five tons. 

Manhattan Bridge: Four cables, 2034-inch diameter—9472 
No. 6 wires in each cable. Total, 6300 tons. Construction of 
the foot-walks—four months. Spinning the cables—four months. 
Maximum tons of wire spun in a day—130 tons. 

Delaware River Bridge: Two cables, 30-inch diameter— 
18,666 No. 6 wires in each cable. Total, 6500 tons. Construc- 
tion of the foot-walks—three and one-third months. Spinning 
the cables—five months. Maximum tons of wire spun in a day— 
100 tons. 
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Bear Mountain-Hudson River Bridge: Four cables, 18 
inch diameter—7252 wires in each cable. Total, 1900 to 
Construction of the foot-walks—one and two thirds month 


Spinning the cables—two and one-half months. Maximum tons 
of wire spun in a day—76 tons. 

Some of the factors contributing to this recorded improvemen 
in time-records for cable construction are indicated in the follow 
ing descriptive account of the evolution of plant and methods 
applied to the successive large suspension bridges. 


EVOLUTION OF PLANT AND METHODS FOR CABLE CONSTRUCTION. 


The foot-bridge used in construction of the Brooklyn Bridg: 


cables consisted of a single pathway four feet wide, supported 
two foot-bridge cables 2% inches in diameter, extending fron 
anchorage to anchorage over the towers and lying parallel to th: 
strands during the spinning. This foot-walk was for the use of thy 
wire regulators in gaining access to what was termed the “cradles 

The “ cradles,’ one at the middle and one at each quarter-point 
of the main span, and one at the middle of each side span, wer 
transverse walks, four feet wide and about eighty feet lon 


g, 
ported by three 2'4-inch-diameter ropes. These “ cradles wer 
used by the wire regulators during the spinning of the strands 
they also carried the supports for the hauling-rope sheaves. ‘Ther 
was no other point of access to the strands during the spinning 
except at the anchorages and at the main towers. After the spi 

ning of a strand was completed, the wire seizings were applied 
by men standing in a buggy hanging from sheaves running on the 
strand itself. The strands were then regulated to their unloade: 
sags in the main cables, and their middle points were at a consider 

ably lower level and entirely inaccessible except by a buggy ru 

ning on the strands. The spinning plant was located on th 
Brooklyn anchorage and consisted of two loops of hauling rope. 
sach with its 50-h.p. engine, traction wheel and idlers, and eac! 
serving two cables. A part of the hauling rope and wire-spinnins 
wheel or sheave lay above each main cable, and the wire was al’ 
spun from the Brooklyn side, the sheave returning empty to that 
side while the wheel on the other part of the loop was hauling 
bight of wire to the New York side for the strand it was spinning 
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Briefly described, the foot-bridge used in the construction of 
the Williamsburgh Bridge cables consisted of a double-deck struc- 
ture in the main span and a single-deck in each land span, afford- 
ing access to the strands of each of the four cables throughout 
their length during both the spinning and the squeezing. The 
spinning machinery and the loops of hauling ropes were arranged 
as for the Brooklyn Bridge, but the travelling sheaves were 
designed for spinning the wire in both directions, and the wire 
was spun from both sides of the river, thus doubling the capacity. 

On the Manhattan, Bear Mountain, and Delaware River 
Bridges, the foot-bridges consisted of a single-deck walk under 
each cable, giving access to the strands throughout their length 
during the spinning and to the main cables for all other work. 

The spinning machinery and loops of hauling ropes were an 
independent plant for each cable, thus doubling the capacity of 
performance per cable as compared with the Williamsburgh 
Bridge plant, and quadrupling the capacity per cable as compared 
with the plant employed on the Brooklyn Bridge cables. 

In any comparison of the respective time-records, it should 
be noted that the Delaware River and Bear Mountain Bridges 
have but two cables each, thus halving the hourly capacity for 
cable spinning as compared with the earlier large suspension 
bridges which were built with four cables. 
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CURRENT Topics. [Jt 


The Explosion in the Liquid Air Plant at ee ree tine 


GEORGES CLAUDE. (Comptes Rendus, Feb. For two yea: 
the author of this article had been collaborating ‘with André Ribau 
in the production of xenon and krypton from liquid air residue: 
These gases are acquiring importance in the technique of radiolog 
Since they occur to so small an extent in air, it is from the fin 
evaporation of liquid oxygen that they are to be obtained. | 
process employed had been followed fifty times in more than on 
laboratory. Standing beside a container in which oxygen was evap 
ating, Mr. Ribaud was so badly injured by an explosion of t! 
apparatus that he died in a few hours. The Government of Fran 
conferred upon him posthumously the cross of the Legion of Hono 
Such accidents, says the writer, are by no means unknown in t! 
oxygen industry. “‘ Without apparent cause after months or year: 


‘ of perfect operation an apparatus explodes, sometimes very violentl) 


He attributes them in general to the accumulation of impuriti 
from the large quantity of air liquefied. ‘* No matter to how smal! 
an extent a gaseous impurity is present in the air treated, if it can ly 
condensed by intense cold and if, further, it is much less volatil 
than oxygen, it collects in the bottom of the apparatus throug 
evaporation. If, in addition, this impurity is combustible, all th: 
conditions for a violent explosion are present by a singular fatality 
Now such is the case with acetylene in particular.” With the plant 
treating 1000 cu. m. of air per hour throughout a month, one par 
in a million of acetylene would result in the storing of 4 kg. of a ver 
violent explosive. It may be that ozone acts as the detonator, { 

the author has found it to react with solid acetylene, or perhaps 
electric sparks due to the evaporation of the liquid oxygen are | 
blame. In any case the air condensed should be as pure as possib! 
and the part of the apparatus containing the accumulated impuriti: 
should be buried in the earth. G.F.S 


Death-dealing Sound Waves. (The Science News-Letter, 8, 
No. 265, May 8, 1926.)—A “ death-noise,”’ instead of a “ death-ra 
was the phenomenon discussed recently before the National Academ) 
of Sciences by Prof. R. A. Wood and Alfred L. Loomis, of th 
Johns Hopkins University. The “death-noise” would have bee 
inaudible to human ears, but it consisted of sound waves just th: 
same, and it killed small fishes and other aquatic animals in vessels 
of water, in less than a minute. 

The two researchers generated exceedingly high-frequency soun 
waves by means of electrical apparatus. The waves were produce 
at a rate of from 100,000 to 400,000 to the second ; the upper limit 0! 
audibility to human ears is between 20,000 and 30,000. If a bea 
of these sound waves is directed toward the surface of the wate: 
Professor Wood stated, the surface is heaped up in a mound. Th 
vibrations heat the water, a rise of nearly ten degrees Fahrenheit 
one minute having been recorded. 


HYDROGEN SPECTRUM LINES IN THE STARS AND 
IN THE LABORATORY.* 


BY 
E. O. HULBURT, Ph.D. 


Naval Research Laboratory, Washington, D.C. 


THe Balmer series of hydrogen, the sim- 
ie plest spectral series of the simplest of terrestrial 
Communication No.3. Clements, has been the subject of many 

experimental investigations. There are several 
reasons for this interest in the series entirely apart from its 
fundamental importance in the theory of atomic structure. The 
Balmer lines are the most prominent features of the spectra of 
many stars; in laboratory experiments the individual lines of 
the series undergo striking changes with experimental conditions: 
and the colors displayed by the tubes of luminous hydrogen are 
among the most beautiful in spectroscopy. The present paper 
describes the spectra of the hydrogen stars and brings to attention 
certain laboratory experiments with hydrogen spectra which have 
particular bearing on the interpretation of the stellar spectra. 
The Balmer series begins with H, in the red and is made up 
of lines which become rapidly closer together and weaker in 
intensity, with a theoretical limit in the near ultra-violet. The 
first four lines, H,, H,, H,, and H,, occur in the visible spectrum 
at wave-lengths, 6563.04, 4861.49, 4340.66 and 4101.90 A.. 
respectively. Ho, is at wave-length 3676.51 and Hy» at 3662.36 
A.; the limit calculated from Balmer’s ' formula is 3646.13 A. 


SPECTRA OF HYDROGEN STARS. 

In Figs. 1, 2 and 3 are given reproductions of a variety of 
stellar spectra containing hydrogen lines. The spectra of Fig. 1, 
photographed by Sir William Huggins,” are very fine examples 
of the Balmer absorption series ; indeed, the series was termed the 
“ Huggins series,”’ after its discoverer, although the name has 
perhaps been lost in the years. All the hydrogen lines of these 


* Delivered Friday afternoon, March 12, 1926, in the lecture hall of the 
Institute. 

*Batmer, Ann. d. Phys., 25, 80 (1885). 

* Hucerns, “ An Atlas of Representative Stellar Spectra,” Plate IX (1899). 
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spectra are simple absorption lines, some are very broad. The 
stellar spectra of Figs. 2 and 3, due to Curtiss,* exhibit many 
types of Balmer lines both in absorption and emission. Some of 
the lines are exceedingly complex, as for example the triple 
reversals of H, and-H, in yg Persei and 8 Monocerotis (Fig. 2). 
These are each a broad, dark absorption band on a bright back- 
ground with a narrower bright centre band which in turn is 
divided by a yet narrower line of absorption. These and other 
details of the lines of the stellar spectra will be referred to in 
subsequent paragraphs. As many as thirty-two members of the 
Balmer absorption series may be counted in certain stellar spectra. 
Twenty-seven absorption lines are visible in the spectrum of ¢ 
Tauri (Fig. 3). The Balmer emission lines do not appear to be 
brought out in the spectra of the stars to the same extent as the 
absorption lines, it being rarely possible to distinguish as many 
as twenty-five bright members. The spectrum of // Camelo- 
pardalis (Fig. 3) shows possibly twenty-five emission lines, 
although in this spectrum the bright lines are not simple emission 
lines but the bright cores of absorption lines. In the “ flash spec- 
trum ’’ of the solar corona as many as thirty-five members of the 
emission series have been observed.‘ 
THE BROAD BALMER LINES IN THE LABORATORY. 

In the stellar spectra the lines of the Balmer emission series 
are for the most part relatively narrow, whereas the lines of the 
absorption series are often of extraordinary width, appearing as 
broad, dark bands across the brighter background of the spectrum. 
Why this is so has for long been obscure, but the explanation 
now begins to emerge as the result of the investigations of the 
laboratory. Curiously enough no one has ever succeeded in pro- 
ducing in the laboratory broad Balmer lines in absorption, whereas 
broad emission lines may be produced quite readily. Such wide 
emission lines are rarely observed in the stars. 

To obtain broad emission lines discharge tubes are required 
filled with hydrogen at a considerable pressure, of several hundred 
mm. of mercury, excited by heavy electric currents, such as the 
discharges of a condenser. This has been known for a long time. 
In the case of low pressures of hydrogen under more moderate 


Curtiss, Pub. Univ. Mich., Vol. 3 (1921). 
*Eversuep, Phil. Trans. Roy. Soc., 201 A, 457 (1903). 
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excitation by a transformer or induction coil, the Balmer lines 
are of course very narrow and weak in intensity. Illustrations 0: 
the broadened lines * are given in Fig. 4, which shows spectro 
grams of hydrogen excited by condenser discharges with the iro: 


Fic. 4. 


Balmer hydrogen lines broadened by pressure. 


arc comparison spectrum. The pressures were 26, 59, 80, and 
134 mm. of mercury and the currents 1.6, 2.0, 2.6 and 2% 
amperes, respectively. The arrangement of apparatus is give: 
in Fig. 5, where p was a 30-kv., 1-kw. transformer, C a condenser 


FiG. 5. 


to pump 


p 
[ 
4, 


pen 
Hydrogen discharge tube and connections. 


of capacity 0.01 uF, a a thermogalvanometer, and d a smal! 
discharge tube of pyrex glass. 

As the result of a number of investigations © * * the widening 
of the Balmer lines has been shown to be due to the presen 
of electric charges’ in the vicinity of the luminous atoms. | 
other words, the widening is a manifestation of the Stark effect 


> Hutsurt, Astrophys. J., §5, 399 (1922). 
* Merton, Proc. Roy. Soc., 92, 322 (1915). 
*NicHotson and Merton, Phil. Trans. Roy. Soc., 216, 458 (1916). 
*Hutsurt, Phys. Rev., 21, 24 (1923). 
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We must mention that a spectrum line may owe its width to a 
number of causes,” such as atomic collisions, the Doppler effect 
of temperature agitation of the luminous atoms, etc. These, 
however, produce only a small widening, usually less than 
1 A.™% 7 In the stellar spectra the widths of the hydrogen lines 
are often of quite a different order of magnitude, 20 or 30 A., 
and therefore some much more energetic cause of the widening 
is evidently at work. As has been said, this is to be found in the 
Stark effect. 

Stark '* subjected luminous hydrogen to a powerful electric 
field and found that each Balmer line was split up into a large 
number of component lines symmetrically displaced to either side 
of the parent line. Furthermore, the intensities of the Stark 
components were equal on either side. This displacement in wave- 
length (or frequency) from the parent line was found to be closely 


Fic. 6. 


Hy 


Hs 


Hs 
p Mtanvatll, Hansa: iii ‘shall 


S = em Malith. sobesthestteades 


Stark effect components. 


proportional to the strength of the electric field. ‘The p and s 
components of the electrical resolution of H,, H, and H, as 
determined by Stark are given in Fig. 6. The p and s components 
are polarized with electric vector parallel and perpendicular, 
respectively, to the lines of force of the external electric field. In 
the present discussion matters of polarization do not enter. 

The picture of the hydrogen gas which is emitting broad 
Balmer lines is as follows: Intermingled with the radiating hydro- 
gen atoms in the discharge tube are charged particles, such as 
electrons, or ions, or perhaps even the component charges of a neu- 
tralatom. Asa result the radiating atom finds itself in an electric 
field and, therefore, instead of a single line it emits a group of 
lines, the Stark components, whose displacements are proportional 
to the strength of the electric field. Some atoms being very close 

*Rayeicu, Phil. Mag., 29, 274 (1915). 

* Fapry and Buisson, Jour. de Phys., 2, 442 (1912). 

™ MICHELSON, Astrophys. J., 2, 251 (1895). 

® Stark, Ann. der Phys., 48, 193 (1915). 
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to charged particles will be in an intense electric field; their Sta: 
components will be far from the parent line. The components 

other atoms, which are relatively far from charged particles, \ 
be but slightly removed from the parent line. The radiations 
all the atoms together make up the broadened line which 

observed in the spectroscope. 

In order to verify these ideas quantitatively a mathematic: 
expression was derived * for the distribution of intensity across 
the widened line. The derivation involved the assumption of 
probability law for the distribution of atoms and ions or electrons 
and an inverse square law for the strength of the field, and th 
introduction of Sommerfeld’s '* quantum expression for the Star! 


displacement. The intensity distributions across the broadene 


lines were then measured * for H,, H, and H,, by photographing 
the spectra through a neutral wedge. Such spectra are given i: 
Fig. 7, a, b, c, and d, which were for hydrogen at pressures 48 
112, 160 and 250 mm. of mercury, respectively. Condensed 
discharges were used, the arrangement of apparatus being that 
of Fig. 5 and the respective currents were 1.2, 2.3, 2.8 and 
4.1 amperes. From the contour of the line the intensity dis 
tribution across the line was determined and was found to agre 
closely with the theoretical expression. The broadening ma 
therefore properly be termed the “ Stark broadening” or the 
‘Stark quantum broadening.” It is seen, then, that the increas 
of pressure or current causes a wider line merely because th 
numbers of ions and luminous atoms increases with these factors 
and hence the probability of the luminous atom being in an intens 
electric field also increases. 

Further experiments were performed to test the correctness « 
the Stark broadening theory. For instance, an inductance 
series with the hydrogen tube should reduce the width of th 
lines. For the inductance distributes the condenser discharge ove: 
a longer interval of time, so that the pulses of current are of less 
intensity. This was found to be true, as shown by g and /t o 
Fig. 7. These are photographs of H, with the inductance in and 
out, respectively, the current and pressure being the same in eac 
case. The neutral wedge was used because the relative widths 
of the wedge- — lines were easy to estimate. Again, 

= Som MERFELD, ‘ Atomic Structure and Spectral Lines,” p. 286, ard | 
tion (1922). 
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quenched gap placed in series with the tube increased the width of 
the lines, as it should. Photographs e and f (Fig. 7) of H, were 


Fic. 7. 


Neutral wedge spectra of 


f Balmer lines broadened under various conditions. 


taken with the gap in and out, respectively, the current and pres- 
sure being constant. 


The insertion of the gap enabled the charges 
to accumulate on the condenser plates to higher potentials, so that 
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when the discharge occurred a greater current pulse than othe: 
wise passed through the hydrogen tube. 

A further interesting verification of the Stark broadening was 
obtained by adding an inert gas. If the view is correct that th 
broadening is primarily a question of large density of charge 
particles amid the luminous hydrogen atoms, the narrow Balme: 
lines from hydrogen at a low pressure should widen when the 
pressure was increased by the addition of a foreign gas. Thx 
electrons and ions produced in this gas by the electrical discharge: 
should be as effective as those of hydrogen. This was found to !x 
true. The Balmer lines widened when the pressure was increased 


_by the addition of helium, nitrogen,* oxygen, air, carbon mon 


oxide and carbon dioxide,"* in the same manner as by the additio 
of more hydrogen. Spectrograms i, 7, and k (Fig. 7) show the 
effect of helium. The pressure of the hydrogen was 29 mm. i: 
the three cases and of helium was 79, 188, and 380 mm. o| 
mercury, respectively. Spectrograms m, m and o (Fig. 7) wer 
for mixtures with nitrogen. The pressures of hydrogen wer 
85 mm. for m and » and of nitrogen were 0.55 and 115 mm 
For o the pressure of hydrogen was 200 mm. with no nitrogen 
It is interesting to notice the striking similarity of photographs 
n and o which were taken with the same total pressures but with 
quite different partial pressures of the component gases. 


THE BROAD BALMER LINES OF THE STELLAR SPECTRA. 


The Stark theory of the broad hydrogen emission lines was 
immediately assumed to be true for the broad hydrogen absorp 
tion lines in the spectra of the stars. By combining the Stark 
theory with the theory of high-temperature ionization develope: 
by Saha,’® it has been possible to estimate the conditions in the 
stellar atmosphere.'® 

Assume pure atomic hydrogen gas ionized by its temperature 
If » is the number of atoms per c.c., of which a fraction @ are 
ionized, there are 2av charged particles per c.c., each of charge ¢ 


I 


° ° ° I 
One-half the average distance between the ions is > (2av)~3 em 
Therefore from Coulomb’s law of force each radiating atom finds 


“ Husurt, Phys. Rev., 23, 106 (1924). 

* Sana, Phil. Mag., 40, 472 (1920). 

* Hupurt, Astrophys. J., §9, 177 (1924). 

* Russet, and Stewart, Astrophys. J., §9, 197 (1924). 


June, 1926. ] HYDROGEN SPECTRUM LINEs. 735 


“1 


2 
itself in an electric field of mean value 4e(2av) 3 electrostatic 
units. This calculation is of course very rough, but has been 
presented because of its simplicity. A more elaborate averaging '* 


2 
gives 6.95¢(2av)3 for the mean field. According to Stark '* 
in the case H, the extreme components are displaced 20 A. each 
way by a field of 1.04 x 10° volts, which amounts to a widening 
of 0.115 A. per unit c.g-.s.e.s. field. If w is the width of the line 
in Angstroms. 


w = 0.8e (2av)!. (1) 


The discussion has borne upon the emission of radiation, but 
may be taken to refer equally well to the absorption of radiation. 
Taking v to be 2.7 x 10’ at o° C. and atmospheric pressure, 
and replacing e by the value 4.77 x 10°'’, equation (1) becomes 


w=2xX10°(aPT—)', (2) 


where P is the pressure in atmospheres and 7 is the temperature 
on the Kelvin scale. 

Assuming the gas to be ionized by its temperature, the fraction 
a of atoms of hydrogen which are ionized is calculated from the 
reaction isobar equation for ionized hydrogen given by Saha.'® 
For low pressures of the order 10-* or 10* atmospheres and for 
temperatures above 5000°, a comes out close to unity, which is 
the value used in the following calculations. The pressure P? 
may be taken as about 10% atmospheres, in accord with recent 
evidence, reviewed in a paper by Fowler and Milne,’® 
points unmistakably to low pressures in the reversing layers of the 
stars, of the order 10°* or 107 atmospheres, or less. 

Applying equation (2) to the case of the sun, taking 
T =5000° and P= 10°, gives w=0.3 A. The observed w for 
H, is about 0.6 A. Thus for the sun there is satisfactory agree- 
ment between the pressure calculated from the observed hydrogen 
line widths and that estimated in other ways.'* In the cases of 
the stars with wide hydrogen lines the agreement is hardly so 
satisfying. For a Lyre with T=10,000° and P= 10+, w is 
0.9 A. The observed width is easily 20 A., and even 30 or 35 A. 
if one considers the wide shallow wings of the absorption lines. 
For w= 30, P comes out 0.02 atmosphere. In short, the theory 


which 


- STARK, Ann. der Phys., 48, 202 (1915). 
* Fow.er and Mine, Roy. Ast. Soc., Monthly Notices, 83, 415 (1923). 
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indicates, and it is difficult to see how equation (2) can be in err 

by several orders of magnitude, that lines much narrower tha 
20 or 30 A. will be produced by hydrogen at a pressure 10° 
atmospheres. 

Fortunately, there are two factors (and perhaps others 
entirely in accord with notions concerning the stars, which set 
to reconcile wide lines and low pressures, first, reversing layer: 
of considerable thickness, and second, large numbers of free ele 
trons. The reversing layers are certainly extensive and in a 
probability are permeated with many electrons and ions whic! 
may come from the easily ionized metal atoms of the stella: 
atmosphere and from the thermal emission of the interio: 
‘Furthermore, the presence of a large number of electrons is 
necessary consequence of the fact that the densities of all th 
stars are such that the average weight of the ultimate particles : 
low, of molecular weight between 2.0 and 2.5.2” If the laye: 
were of great depth the absorption would be sufficient to renck 
effective the wide wings of the line which from a shallow laye: 
would be inappreciable. If, referring to the calculations for 
Lyre, there were 200 times as many electrons as hydroge 
atoms, the calculated line widths for P = 10* would agree wit! 
those observed. Further, one would anticipate somewhat diffe: 
ent types of absorption lines depending on which factor wer 
operative. A wide absorption line caused by a relatively thick 
and cool reversing layer of low-pressure hydrogen would |x 
expected to have a very intense and sharp central core with wid 
spreading edges of weak intensity (provided the reversing stratun 
itself emitted no light, all the emission coming from the hotte: 
interior in the background). Such lines are seen in the spectrun 
: 


of a Aquile (Fig. 1). On the other hand, a shallower line, as 
those of a Lyre (Fig. 1), would result from a thinner reversin, 
) layer either at a higher pressure or at a low hydrogen pressur 
with many foreign electrons or ions. Actually in general bot! 
factors coexist, and their experimental differentiation will } 
uncertain, except in extreme cases. 
The fact that in the stellar spectra the Balmer emission lin: 
are usually narrow, or if wide have central reversals, whereas th 
absorption lines may be very broad, now becomes intelligibl 
Wide absorption lines would apparently require relatively stab! 


” Dreyer, Roy. Ast. Soc., Monthly Notices, 84, 554 (1923-1924). 
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stellar conditions for their production, namely, a bright contin- 
uous background spectrum from the hot interior of the star 
together with an extensive envelope of fairly cool hydrogen. 
Broad emission lines, on the other hand, would only arise from 
a layer of hydrogen atoms extremely hot (violently excited), 
either at a considerable pressure or permeated with large numbers 
of electrons and ions, with no reversing layer above it. Such 
a condition, if it existed, would manifestly be expected to be 
unstable, for the atoms from the hot layer must naturally diffuse 
outward to form a cooler absorbing atmosphere above. Appa- 
rently something like this happened to Nova Geminorum II, The 
hydrogen lines of the spectrum of this star (Fig. 2), which on 
March 13, 1912, were rather broad dark bands with a slight 
emission asymmetrically placed, suddenly changed on March 15th 
to broad emission bands with faint traces of absorption visible 
near the centres. The star may be imagined to have exploded into 
flaming hydrogen. After a few months the broad emission lines 
became narrower, some of them turning to absorption, until in 
1914 the hydrogen lines were no longer very prominent features 
of the spectrum. 
THE BALMER EMISSION SERIES IN THE LABORATORY. 

Until a few years ago the Balmer emission series had never 
been produced in the laboratory beyond the twelfth member and 
the absorption series beyond H,. At first sight this would seem 
strange because none of the simpler difficulties common to spectro- 
scopic experiments are present. Pure hydrogen is readily obtain 
able and the Balmer lines occur in a spectral region positively 
ideal for photography, being entirely in the visible and near ultra- 
violet regions of the spectrum. Lenses, tubes and the like, of 
glass, not quartz, may be used in the apparatus. The trouble in 
bringing out the Balmer emission series is to be attributed to the 
very rapid falling off in intensity of the higher members and to 
the almost unavoidable appearance of the secondary and contin- 
uous spectra of hydrogen which mask the faint series lines. It 
is known that the Balmer lines are emitted by the atoms of hydro- 
gen and the secondary spectrum by the molecules. Therefore 
the appearance of so many Balmer lines in the stellar spectra, and 
of so few in the laboratory hydrogen spectra, may be taken to 
mean that the concentration of atoms is much greater and of the 
molecules much less in the stars than in the terrestrial sources. 

Voi. 201, No. 1206—56 
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Furthermore, the physical conditions of the hydrogen of the stella: 
atmosphere differ from that of the usual vacuum tube in being at 
a lower pressure, and in being under intense bombardment }, 
electrons from the hot interior of the star. These conditions 
would increase the number of atoms and decrease the possibility 
of the formation of molecules. Acting on this hypothesis, 
Whiddington *? arranged a simple experiment to fulfill insofar 
as possible the conditions of low pressure and intense electron 
bombardment, and was able to record nineteen or twenty of the 
Balmer emission lines. A glass discharge tube was fitted with a 
hot cathode of tungsten wire. With the tube filled with hydrogen 
at a pressure of 10° mm. of mercury or less, and with the cathode 
glowing brightly, a current of several tenths of an ampere through 
the tube caused the radiations of atomic hydrogen to appear in 
great purity. Further, the relative intensities of H, to H_, of 
H, to H,, and of H, to H, were enormously increased 
Whiddington has published no photographs of the spectra which 
he obtained. 

The experiment should be carried further; it offers enticing 
possibilities of repetition and development. The experiment is 
the first to indicate a way of varying at will the relative intensities 
of the Balmer lines by means of the pressure of the hydrogen and 
the energy of the bombarding electrons. A study of the intensi 
ties and the controlling factors would perhaps go far towards 
offering a clue to the intensity law of the series lines, a clue which 
considerations on Correspondence Principles and a priori proba 
bilities have as yet failed to furnish. It might even be possible, 
by the use of low pressures and intense electron bombardments, 
say, to produce a Balmer spectrum with the long wave members 
of lower intensities than the shorter wave lines. Such experi 
ments might be looked to aid in the interpretation of the changes 
in the intensities of the Balmer emission lines observed in the 
spectra of stars of Class Md,?* of which Mira Ceti is the type 
star. These stars are long period variables. The bright hydro 
gen lines vary in relative intensity with the waxing and waning 
of the light; for example, H, sometimes appears twenty times as 
bright as H,, and later H, often reaches equality with /,. 


™Wuoebpincton, Phil. Mag., 46, 605 (1923). 
= Merritt, Astrophys. J., 53, 185 (1921). 
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The most complete extension of the Balmer series in the 
laboratory has been that of Wood ** who photographed the series 
to Hg. In order to understand his method, we must call to 
mind what one would naturally do to obtain the series lines. One 
would use a discharge tube filled with hydrogen at a very low 
pressure and excited by powerful currents, on the idea that in 
some such manner a maximum number of radiating atoms and 
a minimum number of molecules would be produced. Such a 
straightforward procedure, however, has long been known to meet 
with no success. The secondary lines always appear in devas- 
tating intensity due to apparently unavoidable factors, namely, the 
walls of the tube and the metal of the electrodes. These somehow 
act as catalyzing agents to form molecules of the atoms produced 
by the electrical discharge. Wood avoided the effect of the elec- 
trodes by employing long discharge tubes with the electrodes 
placed in side branches at least 50 cm. from the central portion 
of the tube. The light was taken end-on from the central portion 
only. The catalytic action of the walls of the tube was almost 
entirely suppressed by mixing a little oxygen or water vapor 
with the hydrogen. Just why these gases prevent the glass walls 
from converting the hydrogen atoms to molecules is a mystery, 
although the fact has been known for a long time. 

The Balmer spectrum obtained by Wood from the long tube 
is shown in Fig. 8; the print is a negative, the bright lines being 
dark. Currents of as much as 0.2 ampere, 60 cycles, were used 
and the pressure, about 0.5 mm. of mercury, was adjusted to the 
best condition. It is seen in Fig. 8 that the series lines became 
rapidly weaker, H., being the last line to appear, until finally 
submerged by the lines of molecular hydrogen. Wood estimates 
the intensity of H., to be 10° or 10° of H,. 

A further extension of the Balmer series by the method of 
long tubes and moist hydrogen appears difficult. For, even if 
the secondary spectrum were completely abolished by skill and 
care, there is still the veiling effect of the continuous spectrum to 
be dealt with. Just how this is to be done cannot be said, for the 
origin of the continuous spectrum is uncertain. It always appears 
in the light from hydrogen tubes, and is apparently unconcerned 
with the presence or absence of the atomic and molecular spectra. 


. Woop, Proc. Roy. Soc., 97, 455 (1920) ; Phil. Mag., 44, 538 (1922). 
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Whether the continuous spectrum enters into Whiddington’s 
experiment is not stated in his paper. The results of an experi- 
ment by Smyth and Brasefield ** on the positive ray analysis of 
the ions in a discharge in hydrogen, taken together with recent 
spectroscopic information obtained in this laboratory, suggest that 
the continuous spectrum arises from the H., molecules. 


THE BALMER ABSORPTION SERIES IN THE LABORATORY. 

The Balmer absorption series has been observed in the labora- 
tory only to the tenth Balmer line,** and that but recently. The 
method depended on sending a continuous spectrum through a 
tube of luminous hydrogen, the source of the continuous spectrum 
and the tube being lighted up in exact synchronism. The appara- 


FIG. 9. 
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Apparatus for observing Balmer absorption lines. 


+ 


tus 1s indicated in Fig. 9. The underwater spark S, with 
phosphor-bronze terminals, which gave a bright continuous spec- 
trum in the region of the Balmer lines, was connected in series 
with the hydrogen tube 7, so that both were lighted at the same 
time by the electrical discharges from the transformer p and the 
condenser C. The quenched gap Q was necessary to insure 
intense discharges. The glass discharge tube 7, about 75 cm. 
in length between the electrodes, was filled with moist hydrogen 
at a pressure of about 0.6 mm. of mercury. The light from the 
water spark was directed by the lens L through the glowing 
hydrogen to the slit 7 of the spectrograph. The Balmer lines 
appeared as fine dark absorption lines against the bright back- 
ground spectrum. On the original plates the series extended 
clearly to H,,: the reproduction given in a, Fig. 10, is not very 

* Amer. Phys. Soc. Bull., Feb. 13, 1926. 

be Hutsvuer, Phys. Rev., 23, 503 (1924). 
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good. (Spectrogram b (Fig. 10) is a comparison emission 
spectrum taken with another hydrogen tube.) It is worthy of 
mention that the apparatus of Fig. 9 is the best imitation of a 
Huggins star yet made in the laboratory. 

The time of exposure for spectrogram a was five minutes. 
In the emission spectrum of the tube, under exactly the same con- 
ditions as for a, except with the water spark removed, with an 
exposure of fifteen minutes, the series lines could be traced only 
to H,. ‘This emission spectrum is shown, none too well, just 
above a. With a five-minute exposure the emission spectrum 
barely included H,. It is evident that under these conditions the 
absorption brings out many more lines than the emission. 
Apparently the stimulated atoms are very effective absorbers for 
the Balmer radiations. This is in keeping with the classical theory 
of absorption discussed mathematically by Lamb,?* who pointed 
out that a single resonator can exert enormous checking power 
upon advancing radiation of a frequency very nearly, but not 
quite, that of its own period, A similar instance is the high 
opacity of mercury vapor for the mercury line 2536.7" 

One would suppose that Whiddington’s experiment could be 
adapted to the production of the Balmer absorption lines. An 
attempt to do this, however, met with failure.2* And, although 
we really do not do justice to the experiment in such brief men- 
tion, it would seem that perhaps the pressures of hydrogen used, 
0.1 to 5 mm., were not low enough. 

The reason that the absorption series is fully developed in 
many of the stellar spectra and the emission in so few follows 
at once. To present a many-lined Balmer absorption series 
requires a bright interior emission from the star through a rela- 
tively cool hydrogen envelope. This may be regarded as a normal 
condition and one likely to remain stable for some time. In order 
to emit an extended series of bright Balmer lines, each line being 
simple, such as those of spectrogram Bp (Fig. 2), the star must 
possess a radiating atmosphere of intensely excited hydrogen, 
with no cooler absorbing layers above. Such a condition is 
unstable, as has been pointed out in an earlier paragraph, and 

*Lame, Cambridge Phil. Soc. Trans., 18 (1900). 

* Woop, “ Researches in Physical Optics,” Part 1. 

* Jotowicz, Phil. Mag., 50, 1089 (1925). 
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would not be expected to persist. It might arise when the sta: 
explodes with great flames of hydrogen. After such a catastrophy 
the expelled hydrogen gas would eventually surround the star in 
the form of a cool envelope, and the Balmer lines, previous!) 
bright, would appear as dark reversals. Exactly these changes 
have been observed in certain stellar spectra. In 1888 H,, H,, 
and H, of Pleione and of w Centauri were very bright.*- During 
the years around 1905 the lines became weaker and after passing 
through various complex changes now survive only as dark 
absorption lines. 
COMPLEX BALMER LINES. 

Referring to the absorption experiment just described, it is 
seen that all the Balmer lines of spectrogram a (Fig. 10) were 
reversed except H,, which was bright. A visual observation at 
the time showed that H, also was bright against the continuous 
background. Decreasing the brilliancy of the glowing hydrogen 
by admitting a small amount of hydrogen into the tube, brought 
out H, dark instead of bright against the continuous spectrum 
Increasing the brightness of the glowing hydrogen gave a spectrum 
with H,, H,, and H, appearing as emission lines and the other 
lines as absorption lines. The explanation of these observations 
is to be found in the conclusions of Ladenburg *° as a result o/ 
an investigation of the absorption of H,. By means of nico! 
prisms the relative brightness of H, and the background illumi 
nation were varied at will. It was established that in the region 
of wave-lengths covered by the Balmer line the light from the 
background was completely absorbed, and that the light which 
did appear in this region was emitted from the column of lumi 
nous hydrogen. Therefore, the appearance of the Balmer lines 
as bright or dark depended primarily upon the relative brightness 
of the two sources. 

Interesting counterparts of these phenomena are found in the 
stellar spectra, some stars *° as y Argus and » Tauri having the 
earlier members of the Balmer series bright and the shorter wave 
length hydrogen lines dark. One may suppose that in these cases 
the hydrogen envelope was sufficiently cool (i.e., unexcited ) 
compared with the hot interior to darken the shorter lines and 
yet sufficiently hot (i.c., excited) to give the longer lines brighter 

2 LADENBURG, Vert. Deut. Phys. Ges., 12, 54 and 549 (19010). 

* Camprett, Astrophys. J., 2, 177 (1895). 
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than the background spectrum. Questions of the distribution of 
intensity in the Balmer series and in the continuous spectrum enter 
here, but their consideration must be left to the future. 

In the absorption experiment spectrograms were also obtained 
in which H, and H, were bright, H, was dark, with a bright 
centre, and the other lines were entirely dark. Other spectro- 
grams under slightly different conditions showed H, bright, H, 
dark with a bright centre, and the remaining lines dark. That 
the dark absorption line may have a bright centre was observed 
by Ladenburg,** who proved that the dark edges of the line were 
due to a complete absorption of the background spectrum by the 
long layer of glowing hydrogen and but weak emission by the 
hydrogen itself, whereas in the centre the emission of the hydro- 
gen was strong. Again these phenomena are well known in the 
stars. For instance, the quasi-permanent stars » Centauri and 
J Velorum* at one time exhibited H, and H,_ as absorption 
lines with well-marked emission centres. In the spectrum of // 
Camelopardalis given in spectrogram 2 (Fig. 3), all the lines 
appear to be dark with bright centres of emission. It must be 


emphasized that the bright centres are not radiations of the 


interior peeping through small spectral gaps in the surrounding 
hydrogen envelope. ‘The conditions in the star are rather to be 
pictured as follows: (a) A hot interior giving a continuous spec- 
trum, (6) surrounded by an absorbing envelope, relatively dense 
(or suffused with electrons and ions) giving a wide absorption 
line, (c) which in turn is surrounded by hydrogen at less pressure 
and greater excitation, thereby emitting a narrower line. 

A’ further complexity of certain stellar hydrogen lines which 
as yet has not been imitated in the laboratory is to be found in 
the triply reversed lines, as, for example, 1,, H, and H, in the 
spectrum of g Persei and H, and H, in B Monocerotis. The 
spectra are given in Fig. 2. These lines are broad, dark absorp- 
tion bands with a narrow, bright centre band, which in turn is 
divided by a yet narrower line of absorption. A star which 
would emit such a complex line would be like the star described 
in the preceding paragraph, enveloped, however, by a fourth region 
of cooler, more rarified hydrogen which would cause the narrow 
centre of absorption. 

Finally, we must call attention to other peculiarities of stellar 
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hydrogen lines ** ** 8,34 observed for the most part in th 
variable stars, which as yet have no adequate explanation. Th 
hydrogen lines often change in intensity, each in a characteristi 

manner, with the variation in stellar magnitude of the sta: 
Unsymmetrical double and triple reversals sometimes occur. Fo 
example, the hydrogen lines from H, to Hs in the spectrun 
of H.D. 108 consist of rather narrow bright lines superimpos: 

on faint dark lines, the dark edges of shorter wave-length being 
slightly more intense than those of longer wave-length.*? Oi 
particular interest are the spectra of the P Cygni type; the 
spectrum of P Cygni appears in Fig. 2. Here the Balmer lines 
are bright with dark components on the violet side. Althoug! 
the origin of such lines is quite obscure, one wonders whether i: 
is necessary to invoke a “ veil theory ” ** in explanation. Perhaps 
present knowledge of the hydrogen spectrum is_ insufficient 
Indeed, in the water spark spectra ** of iron, copper, gold, plati 
num, rhodium, and perhaps other metals, there are many bright 
metallic lines with dark components to the short wave side just 
as the hydrogen lines of P Cygni. As far as I know, a bright line 
with a dark component on the red side occurs in neither the wate: 
spark nor the stellar spectra. It would appear not impossible, 
although perhaps improbable in view of the symmetrical nature 
of the Stark and Zeeman patterns of the Balmer lines, to discove: 
ways of producing the lines unsymmetrically broadened and 
reversed, perhaps even apart from Doppler effects. 

ERRATUM. 
SPACE CHARACTERISTICS OF ANTENNZ. 
BY 
William H. Murphy, 
Captain, Signal Corps, U.S.A. 
Formula (8), page 418 (April, 1926), should read : 


E = Jf sin? 8 cos? 6, + sin? 6; . 


™ Lockyer, Roy. Ast. Soc., Monthly Notices, 84, 409 (1923-1924). 

*® Maury, Harvard College Observatory. Annals, 29, 105 (1897); et al 
* Merritt, Lick Observatory Bull., 7, 162 (1913); Astrophys. J., 53, | 
(1921) ; 61, 1 (1925). 

* Also see Roy. Ast. Soc., Monthly Notices, 84, 272 (1923-1924). 

* MerRILL, Astronomical Observatory Pub., Univ. of Mich., 2, 70 (1916) 
* Hursurt, Phys. Rev., 24, 129 (1924). 
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COLLECTOR CHARACTERISTICS IN HELIUM. 
By Richard Rudy. 


THE primary electrons reaching a collector which is negatively 
charged with respect to the anode were studied at different pres- 
sures of helium (.01 to .1 mm.) in the same way as for neon, 
the discharge current being 5 m-amp. and the anode being at 
+ 70 volts. As the distance of the collector from the cathode 
was increased, the number of electrons collected decreased, owing 
to collisions with the gas molecules, and at the same time the 
slope of the collector volt-ampere characteristic as far as it was 
determined by primary electrons decreased, showing that even 
electrons which passed through the gas without colliding lost 
energy. For the same pressure and the same distances, the loss 
of energy was several times smaller than in neon. It could not be 
determined as accurately as in neon, because with the type of 
discharge tube used, the different characteristics were not well 
enough separated at lower pressures, and at higher pressures the 
straight portion was too short. Theory requires a loss about four 
times smaller than in neon, which is of the order observed. When, 
in neon, the distance of the collector was increased, the number 
of the electrons arriving against the retarding field decreased 
exponentially; in helium it was more difficult to verify the law 
because even up to .04 mm. mercury the collector current decreased 
after having reached the saturation value. 

When the current was raised to about 10 m-amp., the break 
from the positive saturation current to the electron current took 
place at voltages against which the 7o0-volt electrons could not 
travel. As in neon, this type of characteristic was obtained after 
a sudden discontinuity had taken place in both types of discharge 
tubes used, one having a disc, the other a cylindrical anode. The 
exact value of the current where the break took place seemed 
to depend somewhat on charges upon the wall or the stems. 
This jump was usually small, often a few micro-amps., and a 
change in luminosity could not be expected. But in some cases, 
especially with the collector in the positions close to the anode, it 

* Communicated by the Director. 
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amounted to 34 m-amp. In this case, and favored by the bluish 
green color of the discharge in helium, a sudden change in th 
distribution of luminosity was detected when a region protect 
from the bright light from the filament (e.g., between stem ai 
wall) was examined. 

The discharge was blue at lower pressures and turned to gree 
when the pressure was increased. 


ON THE STABILITY OF GLOW DISCHARGES. 
By Richard Rudy. 


THE volt-ampere characteristic of a glow discharge begins 
at a voltage near the starting potential, /’, falls to a flat minimun 
which for short distances is not far from the normal cathode fal 
and then rises again, owing to the cathode fall becoming abnor 
mal. For the simple circuit, including resistance, RX, inductanc: 
L, and a constant e.m.f., all in series, the straight line from E 
having as its slope —1/R intersects the characteristic curve at 
the points where a discharge is possible; but the discharge is 
continuous and stable only where the slope of the characteristi 
curve is steeper than the resistance line; the equation of th 
circuit for a very small change y,, impressed upon the circuit is 


I be 

n=yn,E Lt (x+ ai) . The ionization going on in the tube is 
therefore responsible for oscillations only as far as it influences 
the shape of the characteristic. This equation is sufficient onl) 
for small changes, 4;, produced. As soon as the variation goes 
beyond the next unstable point of intersection, the discharge may 
stop and the figure shows at once that aS + R must stay positive 

If this is not the case, there is a flashing discharge. Tor the mai: 

tenance of a discharge, a certain flow of electricity is indeed 
necessary, and if an effort is made to stabilize a discharge by 
increasing the external resistance, a point is reached where th« 
quantity of electricity arriving through the resistance upon th: 
electrodes is no longer sufficient for the discharge, the discharge 
stops, and only after sufficient electricity has arrived is a new 
flash possible. In other words, the capacity of the electrodes is 
no longer negligible, and one is led to distinguish between the 


*E may be smaller than V because we may start the discharge with 
transformer. 
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charging current (maxwellian displacement current) and the 
discharge current. It is common practice to increase the capacity 
of the electrodes by putting a condenser in parallel with the elec- 
trodes or with the battery. There is then a critical value of the 


resistance, R., below which no flashing is possible, i.e., when 
E-e . ° , : P 
gz ~!. It may be seen from Fig. 1 that the different formulas 


Fic. 1. 


| hs 

i 

deduced for KR. express nothing but the above conditions, i.¢., 
€ ] S 


Ae es iy ‘ ‘ 
that 5+ R must be positive. A self-inductance is of course not 


‘ 


required for these “ oscillations.” 

The presence of capacity allows the circuit to oscillate; and 
a new condition must now be satisfied if the discharge is to be 
continuous, t.¢., stable with regard to oscillations. Not only must 
de/di+ W >o, but de/di+ L/CR>o. When de/di is positive, 
both conditions are always fulfilled; but, for a falling characteris- 
tic, it may be seen again that one cannot always render a discharge 
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stable and continuous by merely increasing the resistance. Oscilla 
tions may be produced or stabilized by increasing R too much.* 

Owing to hysteresis, a discharge presents always a certail 
self-induction, and the voltage variations lag behind the current 
variations. If a discharge is completely free from hysteresis, as 
happens with electron tubes, then all the conditions concerning 
stability have their sign reversed. The reason is that on account 
of the capacity, the potential is in advance of the current and 
determines the current, whereas with strong ionization in a dis 
charge the voltage depends upon the current. 

Taking into account the apparent self-induction, the circuit 
then really consists of three branches, all in parallel: Branch a 
with L,, R, and the battery, branch b with R, the discharge and 
its self-induction L, and branch c containing the capacity C. Oscil- 
lations are therefore possible in two branches of the circuit, or the 
system has two periods of oscillation. The discharge current is 
found from a differential equation of the third order, which leads 
to the following conditions of stability : 

(L + Ly) + CRR,>o 
R+R)>0o 


(L + Lo + CRRo) (LRo + LoR) >(R + Ro) LL 
LR,» + LoR >o 


Here R or R, represents or includes the discharge resistance de/di 


THE TRANSITION TO THE ARC STAGE IN DISCHARGES 
THROUGH MERCURY AND ARGON. 


By Richard Rudy. 


Ir 1s still doubtful whether the arc requires for its existence 
an incandescent cathode (tungsten arcs) or a highly ionized gas 
(alkali vapor arcs), or both, or whether another agent besides is 
responsible for the low cathode fall. Possibly, more work on the 
transition between different stages of the discharge helps settle the 
question. Attempts were made with mercury vapor to pass from 
the discharge with the incandescent filament cathode to the arc 
discharge (self-sustained discharge), the tube being heated in an 
electric furnace. The distance between the electrodes was from 
Y% to 2 cm. Once the saturation current passed, the current 
increased steadily as the applied voltage increased. With the 


*As a possible illustration of this case, see Eckart and Compton, Phys. 
Rev., 24, 103 (1925). 
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filament as hot as it could stand without melting and with dis- 
charge currents of nearly I amp., the discharge always stopped 
as soon as the heating current was interrupted. The filament 
required about 80 watts at 12 amp., and 180 watts at 16 amp. 
The mercury-vapor pressure was of the order of I or 2 cm. 

As soon as argon, at a pressure of 2 mm., was added, two dis- 
tinct families of characteristics were observed. For the filament 
currents below 12 amp. the characteristic was entirely altered 
from what it had been with mercury alone; above the saturation 
value the current rose first with increasing voltage, but soon a 
point was reached where the voltage remained constant and then 
began to fall to lower values while the current increased. This 
falling characteristic, having the shape of a hyperbola, could be 
shifted at will towards higher voltages, without its shape being 
changed, by decreasing the heating current from, for example, 
12 amp. to 6 amp. or less. The amount of heat given to the 
filament was not, however, entirely used up to lower the voltage, 
so to speak, and a complete transformation would, of course, be 
impossible. An increase of about 10 watts in the heating energy, 
S, corresponded to a reduction in the ei value of the discharge 
of 2.5 watts. The difficulty in these experiments in studying this 
interesting point in Simon’s theory of the arc, which has never 
been tested quantitatively, was the evaporation of mercury 
and the unknown length of the filament actually supporting 
the discharge. 

Contrary to what might be expected, when a current of .5 amp. 
was allowed to pass and the argon pressure was then increased to 
I cm., the same current was now again obtained at lower voltage, 
a reduction to almost half the value being noted in certain points. 
Slight reductions took place up to an argon pressure of 5 cm., 
the highest tried. When the filament current was decreased, by 
steps of I amp., displacements of the characteristics were observed 
as in the case of argon at 2 mm., but they were smaller. 

Outside of this influence upon the shape of the characteristic, 
the presence of argon now allowed the filament current to be 
interrupted without the discharge being stopped. A self-sustained 
discharge was then obtained at a low temperature of the filament 
(equivalent to a heating current of a few amperes). The shape 
of the volt-ampere plot remained unchanged. 

Besides this group of characteristics which shows the influence 
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of increased electron emission upon the cathode fall, a seco 
type was observed for filament currents over 12 amp. Instead 
falling, when the current increased, the voltage remained almost 
perfectly constant or rose very slightly. On still further increa: 
ing the filament temperature, the readings of the voltage for 
given discharge current were lower, but the difference was on! 
about % volt when the filament current was made 16 amp. instea 
of 15 amp. With the higher filament temperatures the dischary: 
current was evidently maintained to a large part by the thermion: 
emission; the equilibrium between positive and negative charge. 
was entirely different and ionziation was produced in fields whic! 
were different from those where the falling characteristics we: 
obtained. They are similar to the volt-ampere plots with mercury, 
alone present. 

The highest electron emission for which a falling characte 
istic could be noted was 250 m-amp. for 12 amp. heating current 
where sometimes transitions between both types took place. 

Variation of the electrode distance was of little influence upor 
the results. The discharge had the blue color of the mercury 
discharge. It was of course difficult to know whether argon lines 
were entirely absent in the immediate neighborhood of the bright 
filament, and it is just in this narrow zone of the cathode fall 
where argon exerts its influence by reducing the rate of diffusio: 
or by increasing the number of metastable atoms. 

The experiments were carried out in three different discharg: 
tubes with the same result. As soon as the argon was removed 
the falling characteristic disappeared. The work was interrupted 
some time ago, but it is intended to take it up again with argo: 
alone present. 


Dust Explosions.—Practically all combustible dusts will explod 
The right conditions are a dust-laden atmosphere, oxygen and 
means of ignition. The rapid combustion of the fine particles of 
dust results in an explosion of terrific force. The seriousness of the 
problem and the need for expending every effort in applying know: 
control measures may be realized from a glance at the figures gathered 
by the Department of Agriculture. Twenty-eight thousand plants in 
the United States are subject to the-hazard. These plants employ 
1,324,422 people whose lives would be endangered, and manufactur: 
products worth more than $10,000,000,000. Two hundred and eight) 
one explosions are on record. In 70 cases, 459 people were killed 
In 92 cases, 760 people were injured. The average property loss for 
each explosion is estimated at $240,000. H. L 


NOTES FROM THE U. S. BUREAU OF CHEMISTRY.* 


A COMPARATIVE STUDY OF THE CHEMICAL COMPOSITION 
OF THE SARDINE (SARDINEA CH-RULEA) FROM 
CALIFORNIA AND BRITISH COLUMBIA.’ 


By D. B. Dill. 


[ ABSTRACT. ] 


AN investigation to determine whether or not significant 
chemical differences occur in the sardine (Sardinea cerulea) at 
two widely separated areas in its range was conducted in the 
Bureau of Chemistry. The following results were obtained: 

Two samples of British Columbia sardines showed a higher 
fat content than has ever been found in California sardines. 

A representative sample of sardines from British Columbia 
agreed strikingly in composition of ash and in characteristics of 
oil with a representative sample of sardines from California. 

No evidence of seasonal variations in the constants of the oil 
of the California sardines was found. 

In the process of sterilization of sound sardines in a sealed 
container, no notable hydrolysis of the fat was evident. 


THE REFRACTOMETRIC DETERMINATION OF ALCOHOLS 
AND ESTERS IN AQUEOUS AND IN COTTONSEED 
OIL SOLUTIONS.’ 


By James C. Munch. 
[ ABSTRACT. ] 


A METHOD to determine the partition coefficients between oil 
and water for a number of aliphatic alcohols and alkyl esters, 
has been devised in the Bureau of Chemistry. The refractive 
increments of these alcohols and esters in aqueous and in cotton- 
seed oil solutions were determined. Quantitative determination 
of the products may be readily and accurately made by the use of 
these increments. There is significant correlation between the 
refractive increments of aqueous and of oil solutions: (r =—0.78+ 
0.04). Thus it becomes possible to calculate the increment for 
either solution if the value for the other is known. 


* Communicated by the Chief of the Bureau. 

* Published in Ecology, 7, No. 2 (April, 1926), 221, 228. 

* Published in the J. Am. Chem. Soc., 48, No. 4 (April, 1926), 994-1003. 
Vor. 201, No. 1206—57 805 
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CHANGES IN NITROGEN, POTASSIUM, AND PHOSPHORUS 
CONTENT OF WHEAT SEEDLINGS DURING 
GERMINATION AND EARLY STAGES.’ 


By Jehiel Davidson. 


[ ABSTRACT. ] 


Tue Bureau of Chemistry has completed an investigation to 
determine experimentally whether seedlings, at the ages at which 
they are generally transferred to water or sand cultures, diffe: 
in composition from the stock seed from which they originate 
The results showed that they do. The experimental seedlings 
either lost or gained potassium and nitrogen, depending upon their 
age and their conditions of growth. They changed little in phos 
phorus content, however. 


The Variation of the Thermal Conductivity of Gases with 
Pressure. H. Grecory and C. T. Arcuer. (Phil. Mag., March, 
1926.)—From the kinetic theory of gases Maxwell drew the conclu 
sion that the thermal conductivity should not change when the pressure 
of the gas changes. The transfer of heat from one surface limiting 
a portion of gas to another such surface at a lower temperature is 
effected by the migration of molecules of greater kinetic energ) 
toward the cooler surface. This is in part compensated by the motion 
of molecules with less energy in the opposite direction. On the 
whole, more energy is carried toward the cooler surface than toward 
the warmer one. When the pressure is reduced there are fewer 
molecules for the transport but, on the other hand, they have longer 
free paths. These two opposing effects neutralize each other so 
that the thermal conductivity remains unchanged when pressure 
varies. This invariability of conductivity has been previously shown 
to exist by several investigators, but the improvement in methods 
of measurement made it desirable to examine the matter anew with 
the application of modern gains in accuracy. This the authors of 
the present paper have done. They find no departure from constancy 
to be indicated by their method; the range of pressures was from 76 
cm. to about 6 cm. of mercury. A marked reduction in conductivity 
showed itself when the length of the free mean path of the molecules 
became comparable with the distance from the warmer to the cooler 
surface. This change is quite in agreement with theory and in no 
way invalidates the general conclusion of the constancy of conduc- 
tivity with reduction of pressure. G. F. S. 


* Published in the Botanical Gazette, 81, No. 1 (March, 1926), 87-04. 


THE FRANKLIN INSTITUTE. 


(Proceedings of the Stated Meeting, Wednesday, May 12, 1926.) 

THE stated monthly meeting of the Institute, at which the exercises in 
celebration of Medal Day were held, was called to order at three-thirty-five by 
President Wm. C. L. Eglin. 

The President stated that the minutes of the April meeting had been printed 
in full in the May number of the JourNAL, and that, unless there were objection, 
they would be approved as printed. No objection was offered, and the minutes 
were declared approved as printed. 

The Secretary announced that at the latest meeting of the Board of 
Managers, eight new members had been elected to the Institute. 

The Secretary announced, with sincere regret, the deaths of four members 
of the Institute since the last meeting, namely, Messrs. G. Aertsen, V. Angerer, 
C. Hering, and S. P. Wetherill. 

The Secretary made announcement of special exercises of the Institute to 
be held on Friday afternoon, May twenty-first, at four o'clock, at which time 
formal presentation to the Institute will be made of a portrait of Dr. Samuel 
Insull, of Chicago, President of the Commonwealth Edison Company, and donor 
of the Franklin Medal Fund. He invited all members of the Institute and 
their friends to be present at these exercises. 

The exercises in connection with the presentation of the various Medals 
were then held. 

PROGRAMME 


Presentation of the Longstreth Medal to Presented by: 
Mr. James JoHN DENNY Mr. H. H. Quimby 
MacIntyre Porcupine Mines, Ltd. 

Awarded in absentia 
Received by The British Consul 
General 


Presentation of the Wetherill Medals to 
Mr. Frank TwyrMan, F.RS., F. . J. Barnes 
{nst. P. 
Managing Director, Adam Hilger, Ltd. 
Awarded in absentia 
Received by The British Consul 
General 
THe WaGNER ELeEctrRIc CoRPORATION Mr. Harold Calvert 
Mr. E. W. Goldschmidt 
In person 
Presentation of Levy Medal to 
Mr. Frank W. PEEK, Jr. . H. J. Creighton 
General Electric Company 
In person 
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Presentation of Levy Medal to Presented by: 
Proressor Ernest G. Coxer, D.Sc., Dr. Creighton 
F.R.S.E. 


University of London 
Awarded in absentia 
Received by The British Consul 
General 


Presentation of Cresson Medals to 
Georce Exttery Hare, Px.D., D.Sc. Prof. W. O. Sawtelle 


LL.D. 
Honorary Director, Mount Wilson Ob- 
servatory 
Awarded in absentia 
/ CHARLES SHELDON Hastincs, Px.D. Dr. G. S. Crampton 
Professor Emeritus of Physics, Yale 
University 


In person 


Presentation of the Franklin Medal and 
Certificate of Honorary Membership to 

Proressor Niets Boner, Pu.D. Prof. W. F. G. Swann 
Director of the Institute for Theo- 
retical Physics, Copenhagen, Den- 


sha ate Ailes at teem 


: 

i mark 

; , Received by the Minister of Den- 
mark to the United States 


Presentation of the Franklin Medal and 
Certificate of Honorary Membership to 


SamueEL Rea, Sc.D., LL.D. Dr. Walton Clark, read by 
{ Former President, Pennsylvania Rail- Mr. M. S. Morgan 

; road 

j Received in person 


Paper: “ Engineering Reminiscences,” by Samuet Rea, Sc.D., LL.D. 
Adjourned. 
Howarp McCLenawAN, 
Secretar) 
(An extended account of the proceedings of this Medal Day meeting wil! 
appear in a later issue of the JouRNAL.) 


COMMITTEE ON SCIENCE AND THE ARTS. 
(Abstract of Proceedings of Stated Mecting held Wednesday, May 5, 1920 
HALL oF THE COMMITTEE, 
PHILADELPHIA, May 5, 1926 
Mr. Crarence A. HALL, Chairman. 


The following report was presented for final action: 
No. 2815: Conversion of Acetylene to Acetaldehyde and Its Oxidation 
to Acetic Acid. 
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This is a process for the production of acetic acid from acetylene in com- 
mercial quantities, which was developed to meet a war-time demand for the 
acid. Manufacturing on a laboratory scale was developed in 1915 and the 
method was perfected to such a degree that commercial production was begun 
in December, 1916, millions of pounds of acetic acid being produced during 1917. 

The process includes three steps: 

(1) The manufacture of acetaldehyde from acetylene. 

(2) The manufacture of mercury compounds from mercury. 

(3) The manufacture of acetic acid from acetaldehyde. 

The fundamental reactions for steps 1 and 3 were well known and patents 
upon them had been granted but no process that would give amounts of the 
products in commercial quantities had been developed prior to December, 1916. 

In general, the process consists in the generation of large quantities of 
acetylene from calcium carbide; the absorption of the acetylene in a warm 6 
per cent. sulphuric acid solution with a mercury salt as a catalyst to form 
acetaldehyde; the distillation and purification of the aldehyde; the oxidation 
of the aldehyde by air in aluminum kettles at a relatively low temperature and 
under a pressure of several atmospheres, in the presence of a catalyst and 
distillation of the resulting acetic acid giving a 99-099.5 per cent. glacial 
acetic acid. 

This report, recommending the award of the Howard N. Potts Medal to 
Mr. Howard W. Matheson, of Shawinigan Falls, Canada, “in consideration of 
the inventive skill and ingenuity and the application of scientific information 
displayed in the development of a successful commercial process for the oxida- 
tion of acetylene to acetaldehyde and acetic acid from previously known chemical 
reactions,” was adopted. 

The following reports were presented for first reading: 

No. 2853: The Coolidge Tube. 
No. 2855: Fuller-Kinyon Conveying System for Pulverized Materials. 


Geo. A. Hoantey, 
Secretary to Committee. 


MEMBERSHIP NOTES. 
ELECTIONS TO MEMBERSHIP. 


(Stated Meeting, Board of Managers, May 12, 1926.) 


RESIDENT. 

Mr. R. B. Erickson, Metallurgist, Hancock and Berk Streets. For mailing: 
4620 North Camac Street, Philadelphia, Penna. 

Dr. Gustave E. Lanpt, Chemist, Diamond State Fibre Company, Bridgeport, 
Penna. 

Dr. James Doucias Morcan, Physician, 2226 Delancey Street, Philadelphia, 
Penna. 

Mr. Georce J. Srepier, Sales Engineer, Haverford, Penna. 

Mr. Rosert Stinson, Chemist, 68 East Penn Street, Norristown, Penna. 

Mr. Georce W. Pressett, Chief Chemist, E. F. Houghton and Company, 240 
West Somerset Street, Philadelphia, Penna. 
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NON-RESIDENT. 
Mr. Epwin H. Burk, Merchant, 2118 Atlantic Avenue, Atlantic City, N. | 
For mailing: 105 South Derby Avenue, Ventnor, N. J. 
Mr. AtBert Woop Morris, Consulting Engineer, 701 Morris Building, Phila 
delphia, Penna. For mailing: 54 Buckingham Street, Springfield, Mass 


CHANGES OF ADDRESS. 


Mr. J. SNowpen Bett, Hudson Terminal Building, Rooms 1422-1424, % 
Church Street, New York City, N. Y. 

Mr. R. W. A. Brewer, East Township Line, Jenkintown, Penna. 

Mr. G. E. CHAMBERLAIN, 446 North Oak Crest Street, Decatur, III. 

Dr. ALLERTON S. CusHMAN, 808 Park Avenue, New York City, N. Y. 

Mr. W. L. Dempsey, 400 Granite Building, St. Louis, Mo. 

Mr. H. H. Furness, Jr., 2034 Delancey Place, Philadelphia, Penna. 

Dr. Henry Puetps Gace, 214 Chemung Street, Corning, N. Y. 

Mr. A. H. Grrorer, 2933 Main Street, Buffalo, N. Y. Chief Engineer, Th: 
Automatic Transportation Co. 

Mr. Epwarp Herrman, 790 Broad Street, Newark, N. J. 

Mr. W. N. Jennincs, 2047 South Broad Street, Philadelphia, Penna. 

Mr. LeGranp ParisH, Mountain View, N. J. 

Mr. Monroe B. Snyper, 120 Woodside Avenue, Narberth, Penna. 

Mr. C. F. SutzNner, 236 South West Second Street, Miami, Fla. 

Mr. C. H. Umsteap, In care of—General Delivery, Portsmouth, N. H. 

Mr. Water C. WaGNeER, 2301 Market Street, Philadelphia, Penna 

Mr. Francis H. Wyetu, 6331 Magnolia Avenue, Germantown, Philadelphia 
Penna. 


NECROLOGY. 


Mr. Guilliaem Aertsen, Philadelphia, Penna. 
Mr. Victor Angerer, Ridley Park, Penna. 

Dr. Carl Hering, Philadelphia, Penna. 

Mr. Samuel P. Wetherill, Philadelphia, Penna. 


LIBRARY NOTES. 
RECENT ADDITIONS. 


American Society for Testing Materials —Proceedings: Twenty-eighth Annual 
Meeting. Vol. 25, Parts 1 and 2. 1925. 

Botton, D. J.—Electrical Measuring Instruments and Supply Meters. 1923. 

CHAMBERLAIN, JAMES FRANKLIN.—Geography: Physical, Economic, Regional 
1921. 

Chemiker-Kalendar, 1926. Three volumes. 

Chemisches Zentralblatt-——Generalregister VI iiber die Jahrgange 1922-1924 
Teil I Autorenregister. 1925. 

Dunoyer, L.—La Technique du Vide. 1924. 

Engineering Index, 1925. 1926. 

Fre_p, Peter.—Projective Geometry with Applications to Engineering. 1923. 
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HapFieELp, Sir Rosert A.—Metallurgy and Its Influence on Modern Progress, 
with a Survey of Education and Research. 

Hinze, Avotr.—Die Weisszucker-Herstellung in den Ritbenzuckerfabriken. 
1925. 

Lesevew, Peter.—Pression de la Lumiére. Traduit du Russe par T. Kousmine. 
1920. 

Miter, Epiru M., and Others.—Some Great Commodities. 1922. 

Novon, ALBert.—Eléments d'Astrophysique. 1926. 

S1eEMENS-KoNnzERN.—Wissenschaftliche Verdffentlichungen. Vol. I, Parts 2-3, 
Vols. II-IV. 1921-1925. 

WENTZEL, Frievricn.—Die photographisch-chemische Industrie. 1926. 


BOOK REVIEWS. 


HANDBUCH DER Puysik. A series of twenty-four volumes prepared under the 
editorial codperation of Messrs. Henning, Trendelenberg and Westphal, of 
Berlin; Thirring, of Vienna; Konen, of Bonn, and Grammel, of Stuttgart, 
assisted by numerous collaborators. Issued by H. Geiger and Karl Scheel. 
Vol. 10, Thermal Properties of Matter, edited by F. Henning. vii-—486 
pages, 207 illustrations, 8vo. Berlin, Julius Springer, 1926. Price, 
35.40 marks. 

From a slip attached to a loose sheet containing the preface to the series, 
it is learned that this volume is the first to appear. Irregularity in publication 
is often unavoidable in the issue of an extensive series, as authors do not by 
any means all “come to time,” and as they say of convoys that the speed is 
that of the slowest ship, so the manuscripts promptly furnished have to be 
held until all are in. The series of which this large and well-printed volume 
is a member is a very extensive one, perhaps the most extensive yet initiated 
in the field of physics. It is, indeed, astonishing that even Germany should 
be able to take such a book in quantity sufficient to repay the outlay, for 
although it will find its way into the libraries of scientists of other nations, 
such distribution cannot be very extensive. It is well worth a place in the 
libraries of all engaged in teaching physics or in research in physical or 
physico-chemical lines. 

The series is subdivided into groups as follows: Volumes 1 to 3 include 
history, units, mathematical aids; 4, fundamentals; 5 to 8, mechanics, including 
acoustics ; 9 to 11, heat; 12 to 17, electricity and magnetism; 18 to 21, optics of 
all wave-lengths ; 22 to 24, the nature of matter and the phenomena of radia- 
tion. An extensive division of the whole field, and distribution of the several 
topics to specialists ensures a thorough and up-to-date presentation of data, 
though it imposes a considerable burden upon the editors, who are likely to 
find frequent overlaps, and, therefore, conflicts of view between writers. 

The volume in hand will be seen by the above enumeration of assignments 
to be part of the section on heat. It deals with the thermic properties of 
matter and includes: Conditions of solid fusion, freezing and sublimation, con- 
ditions of gases and liquids, thermodynamics of mixtures, specific heat—theo- 
retical and practical ; determination of free energy ; thermodynamics of solutions. 
Each of these subjects is the work of a special contributor. 
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Space does not permit of an extensive review of this comprehensive and 
ably written volume. The several topics are exhaustively treated and the 
numerous illustrations add to the clearness and usefulness of the text. Math« 
matical demonstrations are extensively used. In the first section a somewhat 
novel treatment of the periodic table is presented. The crystalline form oi 
many of the elements is given and the study is summarized by the statement 
that thirty-two crystallize in the isometric system, eleven in the hexagonal. Thx 
systems of minor symmetry are represented by comparatively few. It must 
be noted, however, that the sum of those assuming the regular system is les 
than half the number of known elements, and in interpreting the significanc« 
of crystalline form of elements regard should be given to the fact that th: 
great bulk of them are very similar in physical nature, being included in the 
group of metals, although it is true that this group cannot be very closel) 
defined. Some common elements, ¢.g., sulphur and carbon, exist in two very 
distinct forms, and several of those gaseous at even low temperatures have not 
yet been examined as to form. 

The relation between crystalline form and chemical composition is als 
discussed. Investigations made in 1846 by Buys-Ballot led to the view that the 
simpler the molecule, the more likely it is to appear in a symmetric form 
Investigations by J. W. Retgers in 1894, which covered about one thousand 
inorganic compounds, gave noticeable percentages of symmetric forms in 
substances containing few atoms. Over five hundred organic compounds are 
also tabulated, but these are not classified by numbers of elements present 
It is a question, however, whether the number of substances examined is 
enough to constitute the basis for a law. Peculiar exceptions to the rule occu: 
Carbon, an element; calcium oxalate, a compound of three elements; alum, a 
compound of five, crystallize in regular octahedrons. Uranium-sodium acetate 
also a compound of five elements, crystallizes in regular tetrahedrons. 

Typographic errors are uncommon in German and French books, which 
seem to be very carefully proof-read, but a curious and somewhat amusing erro: 
is noted in the summary of subjects of the several volumes. In the summary 
for Vol. 21, Professor Dr. J. Hopmann, of Berlin, is announced as contributing 
a section on “Application to comic questions” (Anwendung auf komisch« 
Fragen). Modern physics is no joke, and the omission of the “s” makes a 
notable change in significance though, of course, not in any way misleading, as 
the intended reading is obvious. The completion of this “ Handbuch” will 
constitute a most useful addition to the literature of physical science and its 
related subjects. Henry LeFFMANN 


METALLURGY AND Its INFLUENCE ON MODERN PROGRESS WITH A SURVEY O! 
EpucaTION AND REsEARCH. By Sir Robert A. Hadfield, Bt., D.Sc., F.R.S. 
xvi-388 pages, numerous illustrations in the text and many plates. New 
York, D. Van Nostrand Company, 1926. Price, $7.50. 

The title of this work is in one way too comprehensive and in another way 
not as comprehensive as deserved. It gives one a notion that it covers the 
general field of metallurgy, whereas it is practically limited to ferrous alloys. 
On the other hand, it contains a very large amount of general information 
concerning the history of iron and the making and using of its important alloys. 
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Iron is indeed the most important metal in our present-day civilization. The 
story of its introduction into human life is an essential item in comprehending 
the course of human development over many centuries. The author has a wide 
knowledge and profound interest in the course of human affairs, and while 
he enjoys setting forth the past, be also responds fully to the present and looks 
with keen eyes into the future. We might, indeed, ask ourselves what would 
have been the history of mankind if the working of iron and the manufacture 
of steel had not been developed. In view of the terrors of modern warfare 
in which the means of offense seem to have outstripped the means of defense, 
the pessimist might say that the introduction of iron has made matters worse. 

Notes of the history of metallurgy are given, beginning with Roger Bacon, 
who from recent discoveries seems to have been a worker of the type of 
Leonardo de Vinci. A notice is also given of the better known Bacon—Lord 
Verulam—-who is generally claimed as the founder of inductive science. Robert 
Boyle is duly designated as the “father of modern chemistry” and we are 
told that he introduced the word “analysis.” Discussions of history of science 
and research labors take a wide range and, as we might expect, Faraday is not 
forgotten. The Faraday Society, it may be noted, has just celebrated the cen- 
tenary of the discovery of benzene by that distinguished investigator. Much 
attention is given to the early history of the steam engine, the prime mover 
which has had such a powerful and extensive influence in both war and peace. 
May we say that its reign is near its close? The advancement of water-power, 
the “ white-coal” of the European engineers, and the great vogue of the 
internal combustion motor may mean, before long, a secondary position for 
steam. In some respects this is a consummation devoutly to be wished. 

A very comprehensive account is given of the application of the microscope 
to the study of ferrous alloys, a method which is also widely extended now- 
a-days, being applied to a whole series of materials of construction and of 
engineering use. Sorby was the pioneer in this line of work, his first appli- 
cations being to the examination of rock sections and he is justly regarded as 
the father of petrology. We are told that his suggestions of the value of 
metallography were received with very hostile criticism, which reminds us of the 
discouragement that Newlands encountered when he brought before the Chemi- 
cal Society his suggestions as to the significance of the numerical relations 
of atomic weights. The Society refused to allow the paper to appear in its 
Proceedings, and one member asked Newlands if he had tried to find any 
relation between the properties of the atoms and the initials of their names! 

The merits of Sir Robert's book are many and great, for it is a most 
valuable contribution to the field of metallurgy, and as a presentation of the 
present state of the great industry of modern times. The publisher has done 
full justice to the author’s efforts, the volume being printed in sumptuous form 
commensurate with the merits of the text. 

In a work of so much merit and so abundant in useful information, it is 
to be regretted that the author has ventured into a discussion of the relations 
between science and religion. As usual in such allusions, there are merely the 
glittering generalities of what was termed in former years “ natural theology,” 
substantially the deism of the closing years of the eighteenth century, as 
exemplified in the writings of Paine, Voltaire and Jefferson, differing materially 
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from the agnosticism of the mid-Victorians. As a matter of fact the “ conflict ’ 
which is now the occasion of so much book-making and law-making is a con 
flict of scientific data with the text of the Bible and the two pages which Si: 
Robert devotes to expressing his views on the relation between science and 
religion are simply a waste of paper, ink and the compositor’s time. 

Henry LEFFMANN 


ProjEcTivE GEOMETRY WITH APPLICATIONS TO ENGINEERING. By Peter Field 
Professor of Mathematics, University of Michigan. viii-98 pages, 8 x 5 
inches, illustrations, cloth, New York, D. Van Nostrand Company, 1923 
Price, $2. 

The theorems of projective geometry are treated at some length in appen 
dices to a few American text-books on geometry where it is styled “ moder: 
geometry” and developed without particular reference to its projective origi: 
and, as may be expected in formal text-books on geometry, with no indication 
of its applications. The present volume has been prepared with the object oi 
bringing within easy reach of American students the substance of the several! 
works of European origin on projective geometry which deal, some with purely 
mathematical development, others with applications. The inclusion of appli- 
cations with the formal presentation of abstract matter adds much life and 
interest to the work, and it should aid materially in stimulating in this country) 
the study of this interesting and useful branch of geometric development. 

The book contains an amount of information quite disproportionate to its 
size. It is much condensed, a habit with mathematical writers who are 
inclined to a reduction of words to their lowest terms; a slight redundancy of 
words is often helpful in clarifying a meaning in the briefest possible time. 

Lucien E. Picoiet 


Drart AND Capacity oF CHIMNEYs. By J. G. Mingle, C.E. vi-—339 pages, 
8 x 5 inches, illustrated, cloth, New York, D. Van Nostrand Company 
1925. Price, $3.50. 

Of the multiplicity of components which enter into the structure of a 
power plant, none appears to have received less attention in text or treatise form 
than the elements of chimney design. The work in hand is written to meet 
this need of a rational treatise on determining the proper size and the perform 
ance of the steam power-plant chimney. The subject-matter originally appeared 
in serial form in the journal “ Combustion.” 

As relates to chimney draft, the term “draft” by common usage among 
technical writers means the static force which produces the motion of thx 
column of gases. The use of that term by some writers to designate air in 
motion is scarcely “ unaccountable,” as stated, since that is a dictionary defini 
tion of the term and is moreover the meaning generally ascribed to it by 
widespread usage. ) 

The subject-matter is presented in logical order. First an introduction in 
which a general survey of the subject is made. Then the theory of natural 
draft is discussed at length in terms of pressure, density and temperature 
relationships. Under “losses due to velocity and friction,” formulas fo: 
determining these sources of loss of head are derived at length in terms of 
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both the volume and the weight of chimney gases. “ Available draft,’ which 
is the theoretical draft minus the draft lost by the friction and velocity in the 
stack, is then derived from what precedes. Having determined the available 
draft, next in its proper order the “general draft equation,” by which the 
losses of head from ash-pit to chimney base are compared, receives attention. 
This material occupies about one-half of the book. The other topics, which 
are discussed with equal fulness, are “height of chimney,” “elements of com- 
bustion,” “theory of capacity "—(discharge capacity), “diameter or area of 
chimney,” “ altitude and its effect,” “chimney performance,” “ relation between 
height and diameter,’ and “economical velocity.” An additional somewhat 
digressive chapter on the “chimney horse-power fallacy” of considerable 
length is included to stress the objections to this short-cut. 

Throughout the work the formulas used are developed in meticulous detail 
and with each topic a numerical example is fully worked out. There are 
numerous labor-saving tables and charts in the text. The latter in the main 
are ‘well executed, but their legends and figures cannot be comfortably read 
without the aid of a magnifying-glass. A classified key to the symbols used 
and a more copious index would be helpful. 

The work, written in clear and direct language with the formulas employed 
derived in detail, will appeal alike to the practical engineer and to the engineer- 
ing student who seek information on chimney draft. To both classes of readers 
these detailed explanations save time and mental effort. 

Lucien E. PIcocet. 


Les Motreurs A Exptosion. Par Edmond Marcotte, Ingénieur Conseil 
(1.C.F.), Professeur a |’'Ecole spéciale des Travaux Publics, Ancien Chef 
du Service des Ateliers de Moteurs de l’Aviation Militaire. vii-216 pages, 
7 x 4% inches, illustrated, paper. Paris, Librairie Armand Colin, 1926. 
Price, 7 francs; bound, 8 f. 50. 

A new book dealing with such a well-trodden field as that of the explosion 
motor must be issued with some special object other than purely technical 
exposition. The object here is well defined. The work is No. 70 of a 
series of compendia on a wide variety of technical subjects in a convenient 
form for ready reference, yet quite comprehensive in character. The latter 
specification is very adequately fulfilled in its special field of automotive and 
other motors of relatively small dimensions. Each component of the motor 
is analytically described with enough formulated data to insure precision. 
By way of illustration of its fulness of detail, may be mentioned the clear 
explanation of the diminution of powder of an explosion motor with an 
increase of altitude, the method of overcoming this obstacle by the use of 
the “supercharger” and various other matters of interest relating to con- 
ditions of navigation at high altitudes. Again, a section on balancing, if 
summary, is precise and illuminating. The subject-matter is carefully arranged 
and with its adequate table of contents the work is a very satisfactory one for 
reference purposes. Although there is no denying the comfort of a complete 
index, and it must be complete to be of value; it is a question whether an 
index to a book arranged like this one would add materially to its convenience 
to the user. 
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In these days when the cost of books has kept pace with the high cost 
of living, French books, and the Collection Armand Colin in particular, provide 
reliable technical information at a marvellously low price. 

Lucien E. Picocet. 


METHODS OF MEASURING TEMPERATURE. By Ezer Griffiths, D.Sc., formerl, 
Fellow of the University of Wales, Principal Assistant in the Physics 
Department of the National Physical Laboratory, with an introduction by 
Principal E. H. Griffiths, F.R.S. Second edition revised, xii-203 pages, 
with illustrations. London, Charles Griffin and Company, Limited; Phila- 
delphia, J. B. Lippincott Company, 192s. 

Temperature measurement is a recognized paramount factor in all investi 
gations in physical science, and in present-day industrial processes as well, its 
importance has become supreme. Very high and very low temperatures ar 
employed in these modern activities and rough approximations of their values 
will not suffice. We owe to the celebrated steel-maker, Hadfield, an early strik 
ing demonstration of this fact. He showed that carbon-steel, when quenched 
at a temperature below the recalescence point, failed to harden, but wher 
quenched at a temperature only 15° C. above that point, it became totally hard 

The present volume describes and analyzes the details of the methods and 
apparatus for making temperature measurements which meet these modern 
requirements. The first chapter contains a general account of the determinatio: 
of the fundamental scale of temperature. The calibration of mercurial, ga- 
and resistance thermometers covering a range, in total, from -—200° C. to 1500° ( 
are outlined along with references to the determination of the boiling-point 
of sulphur. The technique of calibration of mercurial thermometers occupies the 
second chapter. In the third chapter are described and critically examined suc 
cessful forms of resistance thermometers with approved forms of resistanc 
bridges. Specifications for standardization by the sulphur boiling-point wit! 
an example of their application to actual observations are included. Th: 
fourth chapter deals at equal length with thermocouple thermometers and 
their auxiliaries. 

The succeeding chapters, which occupy slightly more than half the volum: 
relate to the laws of radiation and to radiation pyrometers. The “ fourth power ” 
law is given a summarized review. Accounts of the Féry, Foster and Thwing 
radiation pyrometers follow. Succeeding chapters are devoted to radiation from 
oxide and metallic surfaces, the distribution of energy in the spectrum of a“ ful! 
radiator ” and the principles of optical pyrometry, the distribution of energy i: 
the heat-emission spectrum of the metals and, finally, the determination of 
high-temperature melting-points. An appendix gives specifications of sulphur 
boiling-point apparatus. The copious lists of bibliographical references at th: 
end of each chapter is a highly commendable feature which is fortunately 
coming into increasing vogue in technical literature. 

Although the work contains a considerable volume of analytical discussion, 
its strongest appeal is to the experimental investigator. Its presentation of a 
collection of the most modern, authoritative and generally accepted methods 
of measuring temperature constitutes a valuable document. The make-up of 
the book is of the usual style and high quality of the Griffin-Lippincott 
productions. Lucien E. Picocet. 
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NaTIONAL Apvisory ComMMITTEE For AERONAUTICS. Report No. 222, Spray 
Penetration with a Simple Fuel Injection Nozzle. By Harold E. Miller 
and Edward G. Beardsley. 8 pages, illustrations, quarto. Washington, 
Government Printing Office, 1926. Price, five cents. 

The tests covered by this report form a part of a general investigation of 
the application of fuel injection principles to aircraft engine service. The pur- 
pose of these tests was to obtain specific information on the rate of penetration 
of the spray from a simple injection nozzle, having a single orifice with a diame- 
ter of .o15 inch when injecting into compressed gases. 

The fuel was sprayed into a chamber fitted with glass walls and filled 
with nitrogen at various pressures. Special high-speed photographic apparatus, 
capable of taking a continuous series of fifteen photographs at a rate of 4000 
per second, was used to record the development of single sprays. The effects 
of fuel pressures from 2000 to 8000 pounds per square inch and chamber pres- 
sures from atmospheric to 300 pounds per square inch on the rate of pene- 
tration and the development were studied. 

The results have shown that the effects of both chamber and fuel pressures 
on penetration are so marked that the study of sprays by means of high-speed 
photography or its equivalent is necessary if the effects are to be appreciated 
sufficiently to enable rational analysis. It was found for these tests that the 
negative acceleration of the spray tip is approximately proportional to the 1.5 
power of the instantaneous velocity of the spray tip. 

Report No. 226, Characteristics of a Boat Type Seaplane during Take-off. 
By J. W. Crowley, Jr., and K. M, Ronan. 11 pages, illustrations, quarto. 
Washington, Government Printing Office, 1926. Price, five cents. 

This report, on the planing and get-away characteristics of the F-5-L, 
gives the results of the second of a series of take-off tests on three different 
seaplanes conducted by the National Advisory Committee for Aeronautics, Navy 
Department. The single-float seaplane was the first tested (Reference 1) and 
the twin-float seaplane is to be the third. 

The characteristics of the boat type were found to be similar to the single 
float, the main difference being the increased sluggishness and the relatively 
larger planing resistance of the larger seaplane. At a water speed of 15 miles 
per hour the seaplane trims aft to about 12° and remains in this angular 
position while plowing. At 22.5 miles per hour the planing stage is started 
and the planing angle is immediately lowered to about 10°. As the velocity 
increases the longitudinal control becomes more effective, but overcontrol will 
produce instability. At the get-away the range of angle of attack is 19° to 11° 
with velocities from the stalling speed through about 25 per cent. of the 
speed range. 

Report No. 231, Investigation of Turbulence in Wind-tunnels by a Study 
of the Flow about Cylinders. By H. L. Dryden and R. H. Heald. 17 pages, 
illustrations, quarto. Washington, Government Printing Office, 1926. Price, 
ten cents. 

With the assistance and codperation of the National Advisory Committee 
for Aeronautics the Bureau of Standards has been engaged for the past year 
in an investigation of turbulence in wind-tunnels, especially insofar as turbu- 
lence affects the results of measurements in different wind-tunnels, 
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Two methods of making such studies are described in this report togethe 
with the results of the use in the 54-inch wind-tunnel of the Bureau o/ 
Standards. The first method consists of measuring the drag of circular cyli: 
ders; the second of measuring the static pressure at some fixed point. Bot! 
methods show that the flow is not entirely free from irregularities. 


QvuantTuM PrincrpLes AND Line Spectra. By J. H. Van Vleck, Assistant 
Professor of Physics, University of Minnesota. Bulletin No. 54, March 
1926, Vol. 10, part 4, of the National Research Council. 316 pages, 8\ 
Washington, D. C., National Research Council, 1926. Price, $3. 


This bulletin is a survey of the fundamental postulates and recent develo; 
ments in the quantum theory of line spectra, with references to the literature and 
to the work of over 250 different authors. Special emphasis is placed on Bohr’s 
correspondence principle as a focal poimt for much of the discussion. Among 
the subjects treated are models of the helium atom and hydrogen molecul 
the polarization of resonance radiation, virtual oscillators, quantum theories « 
dispersion, and corpuscular light-quanta. As far as possible the mathematica 
development is reserved for a chapter on mathematical technique in th: 
quantum theory, in which pertubation theory methods, etc., are given. A 
particular effort is made to correlate and contrast the rather confusing different 
systems of quantization now in use. Duplication of Sommerfeld’s “ Atomba 
and Spektral-linien ” is avoided, as far as practicable. 
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Metallurgy and Its Influence on Modern Progress, with a Survey 
Education and Research, by Sir Robert A. Hadfield, Bt. 388 pages, plates, po: 
traits, 8vo. New York, D. Van Nostrand Company, 1926. Price, $7.50. 

Introduction to Theoretical Physics. Vol. I, by Arthur Haas, Ph.D 
Professor of Physics in the University of Vienna. Translated from the third 
and fourth editions by T. Verschoyle, M.C., B.Sc. 414 pages, illustrations, 8v: 
New York, D. Van Nostrand Company, 1926. Price, $6. 

La Théorie de la Relativité, par M. von Laue, Professeur de Physique 
théorique a l'Université de Berlin. Traduction faite d’aprés la quatriéme édi 
tion allemande revue et augmentée par l’auteur par Gustave Létang, Ingénieu 
ancien éléve de l’Ecole Polytechnique. Tome II, La relativité générale et la 
théorie de la gravitation d’Einstein. 318 pages, illustrations, 8vo. Paris 
Gauthier-Villars et Cie., 1926. Price, 65 frances. 

A Numerical Drill Book on Physics, by William Lord Taylor. 95 pages 
illustrations, 12mo. Boston, Ginn and Company, 1926. Price, $1. 

Les Moteurs a Explosion, par Edmond Marcotte, Ingénieur Conseil, Profes 
seur a l’Ecole spéciale des Travaux Publics. 216 pages, illustrations, 16mo 
Paris, Librairie Armand Colin, 1926. Price,-in paper, 7 francs. 

The Principles of Physical Optics. An historical and philosophical treat 
ment by Ernst Mach. Translated by John S. Anderson and A. F. A. Young 
324 pages, illustrations, plates, 8vo. New York, E. P. Dutton and Company 
1926. Price, $6. 

Ontario Department of Mines. Thirty-third Annual Report, part 1, 1924 
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Statistical review of Ontario’s mineral industry in 1923 by W. R. Rogers. 63 
pages, 8vo. Toronto, King’s Printer, 1925. 

U. S. Department of Commerce. Revised Simplified Practice Recommen- 
dation No. 16, Lumber. Issued by the Bureau of Standards, revised drafts, 
effective from July 1, 1925. &7 pages, illustrations, 8vo. Washington, Govern- 
ment Printing Office, 1926. Price, fifteen cents. 

Bell Telephone Laboratories. Reprints of papers: Joseph Henry, by 
Bancroft Gherardi and Robert W. King. 10 pages, illustrations, 8vo. Develop- 
ment and Research in the Bell System, by E. B. Craft. 15 pages, 8vo. New 
York, Bell Telephone Laboratories, Inc., 1925-1926. 

U. S. Bureau of Standards: Safety Rules for the Installation and Main- 
tenance of Electric Utilization Equipment. Handbook series No. 7. 71 pages, 
12mo. Price, fifteen cents. Safety Rules for the Installation and Maintenance 
of Electric Supply Stations. Handbook series No. 6. 56 pages, 12mo. Price, 
ten cents. Technologic Papers, No. 304, A Method for Testing Gas Appliances 
to Determine Their Safety from Producing Carbon Monoxide, by E. R. Weaver, 
J. H. Eiseman and G. B. Shawn. 30 pages, illustrations, 8vo. Price, ten cents. 
No. 305, Permeability of Stone, by D. W. Kessler. 18 pages, illustrations, 
plates, 8vo. No. 306, A Photometric Method for Measuring the Hiding Power 
of Paints, by H. D. Bruce. 18 pages, illustrations, plates, 8vo. Price, ten 
cents. Scientific Papers, No. 520, Non-flammable Liquids for Cryostats, by 
C. W. Kanolt. 15 pages, illustrations, 8vo. Price, ten cents. No, 521, 
Measurements of the Index of Refraction of Glass at High Temperatures, by 
C. G. Peters. 25 pages, illustrations, 8vo. Price, ten cents. Circulars, No. 279, 
Relations between the Temperatures, Pressures, and Densities of Gases. 8&5 
pages, illustrations, 8vo. No. 281, The Technology of the Manufacture of 
Gypsum Products. 81 pages, illustrations, 8vo. Price, thirty cents. No. 295, 
Temperature Corrections to Readings of Baumé Hydrometers, Bureau of 
Standards Baumé Scale for Sugar Solutions (Standard at 20° C.). 3 pages, 
8vo. No. 296, Research Associates at the Bureau of Standards. 20 pages, 8vo. 
No. 300, Architectural Acoustics. 9 pages, 8vo. Price, five cents. No. 303, 
U. S. Government Master Specification for Varnish, Shellac. 7 pages, 8vo. 
Price, five cents. Washington, Government Printing Office, 1926. 

Gyromagnetic Electrons and a Classical Theory of Atomic Structure and 
Radiation, by Louis Vessot King, F.R.S. 2 parts, 28 pages, 8vo. Montreal, 
Louis Carrier, 1926. Price, $1. 

U. S. Coast and Geodetic Survey: Terrestrial Magnetism. Magnetic 
Declination in Missouri in 1925, by W. N. McFarland. 45 pages, map, &vo. 
Washington, Government Printing Office, 1925. Price, ten cents. 

U. S. Bureau of Mines: Abrasive Materials in 1924, by Frank J. Katz. 
12 pages. Price, five cents. Asbestos in 1924, by Blanche H. Stoddard. 5 
pages. Price, five cents. Barytes and Barium Products in 1924, by C. E. 
Siebenthal and A. Stoll. 9 pages. Price, five cents. Gold, Silver, Copper and 
Lead in Arizona in 1924. Mine report, by V. C. Heikes. 34 pages. Price, 
ten cents. Gold, Silver, Copper, Lead and Zinc in California and Oregon in 
1924. Mine report, by James M. Hill. 37 pages. Price, five cents. Natural- 
gas Gasoline in 1924, by G. B. Richardson and E. M. Seeley. 7 pages. Price, 
five cents. Stone in 1924, by G. F. Loughlin and A. T. Coons. 38 pages. 
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Price, five cents. Seven pamphlets, 8vo. Part of Mineral Resources of th: 
United States, 1924. Washington, Government Printing Office, 1926. 

National Advisory Committee for Aeronautics: Technical Notes, No. 233 
N. A. C. A. Flight-path-angle and Air-speed Recorder, by Donald G. Coleman 
11 pages, illustrations, photographs, quarto. No. 234, An Investigation of th 
Characteristics of Steel Diaphragms for Automatic Fuel-injection Valves, b) 
W. F. Joachim. 22 pages, illustrations, photographs, quarto. No. 235, Pro 
peller Design, Practical Application of the Blade Element Theory—I, by Fred 
E. Weick. 14 pages, illustrations, quarto. No. 236, Propeller Design, Extensio: 
of Test Data on a Family of Model Propellers by Means of the Modif: 
Blade Element Theory-—lIl, by Fred. E. Weick. 8 pages, illustrations, quart 
Washington, Committee, 1926. 


Measurement of the Refraction of X-rays in a Prism by 
Means of the Double X-ray Spectrometer. BerGcen Davis an 
C. M. Stack. (Phys. Rev., Jan., 1926.)—For a long time vain 
efforts were made to discover refraction in the case of X-rays and 
now within two years the effect has been measured by several investi- 
gators. The method here described depends upon the reflection of a 
beam of monochromatic X-rays first from one, then from a second 
crystal surface, the two surfaces having been in contact before th 
cleaving of the piece of Iceland spar within which they were. Obser- 
vations are made with an ionization chamber when the second 
reflecting surface is rocked through a small angle. Then a prism oi 
aluminum is placed in the path of the beam after its first reflection 
and the observations with rocking are repeated. From the difference 
between the results obtained with and without the prism, it is possible 
to calculate to an accuracy of 5 per cent. the index of refraction of 
aluminum for the X-rays used. For those of wave-length .7078 A.U 
this was 1.68 x 1o~ less than 1 and for 1.537 A.U., 8.4 x Io less 
These values agree well with those derived from Lorentz’s disper- 
sion formula. G, F. S. 


Freezing-points. H. W. Foore and Geneva Leopotp. (Ami. 
Jour. Sci., Jan., 1926.)—The freezing-point of a liquid varies slightly) 
according to the amount of air dissolved in it. There is about 1/30 
difference between the freezing-points of air-free and air-saturated 
benzene at the pressure of one atmosphere. It is, however, reassur- 
ing to read that “there are but few one-component freezing-points 
known at present with such accuracy that the error due to uncertain 
saturation with air would affect the results.” The authors furnish a 
list of all compounds whose freezing-points are determined to an 
accuracy of .o5°. There are no more than twelve, of which water is 
one. The freezing-point of water is lowered by the presence of air 
in solution to saturation to the extent of .002°. 

Since exact determinations of the freezing-point have usuall) 
been made with the liquid largely or entirely saturated with air and 
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since, further, saturation with this gas takes place rapidly, the authors 
“prefer to regard a standard freezing-point as the temperature at 
which solid and liquid are in equilibrium with dry air at a pressure 
of one atmosphere rather than the temperature at which the two 
phases are in equilibrium at a pressure of one atmosphere, which 
is the usual definition, and which makes the standard freezing-point 
of water uncertain to the extent of .0023°. G, F. 2. 


Tests of Relativity Theory. A. S. Eve. (Nature, April 10, 
1926.)—When Professor Eve attended the meetings of Convocation 
Week last December in Kansas City, he heard so much relating to 
the theory of relativity that he gave a lecture on the subject to the 
Physical Society of McGill University after his return to Montreal. 

There are five experimental tests for the theory of relativity : 

(1) The shift of the perihelion of the planet Mercury amounted 
to 41 seconds of are per century and was without explanation until 
Einstein showed that it should be 43 seconds according to his theory. 
Now fresh calculations of the observed value put it at angles varying 
from 29 seconds to 38 seconds and thus demand renewed explanation. 

(2) The deviation of rays of light passing close to the sun. This 
effect, which can be measured at the time of total eclipses of the sun, 
is well established “ but there are many astronomers and physicists 
who are well aware that this verified effect may be assigned to a num- 
ber of causes, particularly to refraction.” 

(3) The shift toward the red in the wave-length of light emitted 
by the sun. This increase of wave-length is amply confirmed by 
St. John and Evershed. In the case of Sirius, and its companion, 
the White Dwarf, the shift is more than thirty times as great as in 
the sun. Apropos of this it is somewhat startling to read of a star 
that has a density 50,000 times that of water. 

While Einstein himself holds without qualification to this shift 
as a necessary consequence of his theory, Silberstein, on the contrary, 
in what Professor Eve calls “his exquisite treatise on ‘The Theory 
of Relativity,’ disagrees with him on this point. 

(4) Relative motion of the earth through space. The theory 
of relativity arose as an explanation of the failure of the Michelson- 
Morley experiment to detect any motion of the earth through the 
ether. Now comes Dayton C. Miller, who knows more about the 
technique of this experiment than anyone else and announces as the 
outcome of many observations made on Mount Wilson that there 
at least the earth is sweeping through space with a speed of 10 km. 
per sec. Little wonder that Professor Eve observes, “ Mixing meta- 
phors, we see the very experiment which first started the ball 
a-rolling, turning round to bite the hand which fed it.” In view of 
Professor Miller’s inability to detect any relative motion of the earth 
to the space in a basement in the city of Cleveland and other American 
physicists are reported to be planning to repeat the experiment at 
different elevations above the sea. “It appears true that if Miller’s 
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results are confirmed at different places, then all our theories go into 
the melting-pot, relativity and all, and a patient resurvey must com- 
mence to unravel afresh order from chaos. The only grave mistake 
we can make at present is to treat Miller’s results otherwise 
than seriously.” 

(5) The Chicago rotation experiment, in which two rays of light 
were sent around the same path but in opposite directions. The 
results are equally in accord with the relativity theory and with the 
theory of a stagnant ether, but they are in opposition to Miller’s 
suggestion that the earth drags 95 per cent. of the ether with it while 
5 per cent. of it slips by. Be it noted that the fact of Miller’s obser- 
vations are quite apart from his suggested explanation of them. 

Thus for the theory of relativity are the motion of the perihelion 
of Mercury, deviation of rays near the Sun and shift of spectral 
lines. Against it stand Miller’s results, while the Chicago rotation 
experiment holds a neutral position. 

C. L. R. E. Menges, of Scheveningen, Holland (Science, April 23, 
1926), maintains that the Fizeau experiment furnishes the real test 
for the theory of relativity. This has recently been repeated by 
P. Zeeman in Amsterdam. He claims that “ Zeeman’s result is the 
decisive proof of Einstein’s theory.” 

From all above set forth it seems that an interesting period for 
the relativity theory lies ahead. G, F. S. 
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members shall be those who reside permanently at a distance of not less than 
twenty-five miles from Philadelphia and shall pay the sum of One Hundred Dollars 
($100) in any one year. 

Contributing members shall consist of firms, corporations, associations or indi- 
viduals who shall pay annually the sum of Three Hundred Dollars ($300). A Contrib- 
uting member shall have the privilege of nominating nineteen persons to the 
Board of Managers for election as Resident members for the year then current, 
subject to the discretion of the Board as to any particular nominee, and members 
thus elected shall pay no dues. 

Resident members shall pay annual dues of Fifteen Dollars ($15). 

Second Class Stock may be purchased for Ten Dollars per share and holders 
are entitled to all the privileges of membership so long as they make the annual 
payment of Twelve Dollars 

Non-resident members shall be those who reside permanently at a distance 
of not less than twenty-five miles from Philadelphia. hey shall pay an entrance 
fee of Five Dollars and annual dues of Five Dollars. Transfers of membership from 
the Resident to Non-resident class may be granted by the Board of Managers at 
its discretion in cases of temporary absence of members from the city for a period 
of not less than one year. 

Student members shall be over sixteen and under twenty-two years of age. 
They shall pay annual dues of Three Dollars if they do not receive the JOURNAL 
of the Institute, and Six Dollars if they do receive the JOURNAL. 

Resignations must be made in writing, and dues must be paid to the date of 
resignation. 

Membership Badges.—Pin or button form, may be purchased from the 
Controller for One Dollar. 

For further information and membership application blanks address the 
SECRETARY OF THE INSTITUTE. 
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JoURNAL OF THE FRANKLIN INSTITUTE. 


AWARDS BY THE INSTITUTE. 


The following awards are made by The Franklin Institute: 


The Franklin Medal (Gold Medal).—This medal is awarded annually 
from the Franklin Medal Fund, founded January 1, 1914, by Samuel Insull, 
Esq., to those workers in physical science or technology, without regard 
to country, whose efforts, in the opinion of the Institute, acting through 
its Committee on Science and the Arts, have done most to advance a 
knowledge of physical science or its applications. 

The Elliott Cresson Medal (Gold Medal).—This medal is awarded for 
discovery or original research, adding to the sum of human knowledge, 
irrespective of commercial value; leading and practical utilizations of discovery; 
and invention, methods or products embodying substantial elements of leader- 
ship in their respective classes, or unusual skill or perfection in workmanship. 

The Howard N. Potts Medal (Gold Medal).—This medal is awarded for 
distinguished work in science or the arts; important development of previous 
basic discoveries; inventions or products of superior excellence’ or utilizing 
important principles. 

The George R. Henderson Medal (Gold Medal).— This medal is to be 
awarded for meritorious inventions or discoveries in the field of railway 
engineering. 

The John Price Wetherill Medal (Silver Medal).—This medal is awarded 
for discovery or invention in the physical sciences or for new and important 
combinations of principles or methods already known. 

The Edward Longstreth Medal (Silver Medal).—This medal is awarded 
for inventions of high order and for particularly meritorious improvements 
and developments in machines and mechanical processes. In the event 
of an accumulation of the fund for medals beyond the sum of one hundred 
dollars, it is competent for the Committee on Science and the Arts to offer 
from such surplus a money premium for some special work on any mechanical 
or scientific subject that is considered of sufficient importance. 

The Louis E. Levy Medal (Gold Medal).— This medal is awarded 
to the author of a paper of especial merit, published in the JOURNAL oF THE 
FRANKLIN INsTITUE, preference being given to one describing the author's experi- 
mental and theoretical researches in a subject of fundamental importance, 

The Certificate of Merit.—A Certificate of Merit is awarded to persons 
adjudged worthy thereof for meritorious inventious, discoveries or improvements 
in physical processes or devices. 

The Boyden Premium.—Uriah A. Boyden, Esq., of Boston, Mass., has 
deposited with The Franklin Institute the sum of one thousand dollars, to be 
awarded as premium to “any resident of North America who shall determine by 
experiment whether all rays of light and other physical rays are or are not 
transmitted with the same velocity.” 


For further information relating to these awards apply to the Secretary of the Institute. 
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